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19. Abstract (cont'd)

proof of concept demonstrations. 1In the studies performed in this series, reliadble
data were obtained with as few as three subjects, provided there were sufficient
calibrations and stable baselines of performance measures. We found that saccade

. length index of taskload was related to the workload under which the operator performs

+ and not with performance per se. That is, the predictive validity of SLIT is chiefly
as an index of the objective information load to the operator, even when visual tasks
are employed. This finding sucfaced when the effects of practice were examined.

* Practice 4id not have as much effect on SLIT as did the objective index of task
loading. Therefore, while performance improved when tasks of different difficulty
were practiced for many sessions, it appeared that the chief determinant of saccade
length was the number of channels which were monitored. The SLIT effect, which was
-originally demonstrated in the dark with an auditory task, was obtained in a lighted
toom while monitoring a visual signal, thus broadening potentially the applicability
of the phenomenon. Also, in a simulated field test, SLIT was demonstrated to be
robust even when a visual forcing function (optokinetic nystagmus) was present.

A literature review and meta-ansalysis was conducted to synthesize the literature
on workload measures and was presented in a series of tables. In general, ithe number
of performance-based measures appeared to be on the upsurge over the past decade and
physiological measures not involving eye movements appeared to be on the downswing.
The number of subjective wmeasures of workload studies were stable. Investigations of
ocular-based measures, particularly cortical-evoked potentials, were on the increase.
The chief finding from a fully quantititative meta-analysis of the ocular-based
measures found a sufficlent predicate for continuing the directions of the Saccade
Length Index of Taskload (Workload) (SLIT) research since predictive validities of eye
movement research in general appeared to be robust (pacticularly eyeblink), and
several types of studies which examined eye movement extent (like SLIT) were
considered to hold promise. 1In the feasibility demonstrations, vertical and
horizontal eye movements became resolved and left- and right-eye recordings were also
separated. The former was a necessary condition for isolating blinks, and the latter
was a first step in removing artifacts from the eye movement records which might be
due to other oculomotor activities (e.g., vergence, convergence, and accommodation).

Software development occurred when the work, originally conducted in the more
controlled environment of a university laboratory using stationary equipment (e.g.,
infrared, head-fixed, oculometer) and hand scoring, was transferred to a reqular
office. There the software and hardware development continued and a series of proof
of concept and feasibility demonstrations were undertaken. A low-cost microprocessor

»’ was selected for the SLIT system and software was developed and customized to produce
a4 quasi-portadble system. The customized program has the ahility to reject dblinks and
. it is possidble to integrate eye movement records and deliver analyses automatically,
- scored within 2.5 minutes. The soltware program possesses many scoring and
integration features (viz., left vs. right e;2s, vertical vs. horizontal,
vergence/convergence differences, vclocity, # eye movements), which will easily be
accommodated by larger capacity, more permanently emplaced, laboratocy systeas.
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19. Abstract (cont'd)

The possible commerctal applications of SLIT for the private sector are
considerable. SLIT may be used as an independent assessament of an individual's
attention vhich may wane with time on task or due to other factors. Such a
relationship might be of interest during quality control on assembly lines, or in
remote emplacements where security displays are monitored. Since SLIT size appears to

. be proportional to workload, displays and workstations could be tested and evaluated
objectively and compared for difficulty level. Tn addition, preliminary evidence
suggests that individual differences in saccade length may be sufficiently reliable so
that they could be studied for stability over time and then examined for relations to
equipment and operator aptitude tradeoffs in systems designs.
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EXECUTIVE SUMMARY

Investigations of workload are the logical extension of the time and
motion studies of Gilbert and Taylor, which are often used to date the formal
beginnings of human engineering and systems research. We use the term
workload to refer to the demands imposed on a given human operator by a given
task. Workload measurement involves an attempt to characterize conditions
under which task demands can or cannot be met by the performer. The problems
in workload measurement are many. In a recent Congressional hearing, for
example, human factors experts offered their opinions as to the cause of the
downing of Iran Air Flight 655. Opinions differed depending on area of
expertise, but there was consensus that an incorrect decision had been made
from displayed information and the incident was due to the combined effects of
high workload and combat stresses. Pevrhaps more importantly, these factors
were not addressed in the design of the ABGIS tactical information displays.
Better workload measurement is needed both from the standpoint of the
independent variable (the workstation) and the dependent variable (how it
affects the operator). If such information were available with sufficient
precision, it would be possible to take the output of the individual's
interactions with displayed information and modify the display so the system
will better accommodate the individual's needs.

The present research presumes that biological events may be predictive of
the attentional and task demands ~f work. If these could be analyzed in real
time and fed back to the machine (or operator), a truly biocybernetic system
could be created. For example, we know there may be little or no
deterioration in operational performance until the point of failure is closely
approached, but perhaps sensitive biologqical measures of workload could
provide premonitory signs of impending failure.

In Phase I, two invesilqations assessed the feasibility of using specific
characteristics of eye movement saccades as unobtrusive indicants of mental
workload. Eye movements were measured while subjects were differentially task
loaded by simple, moderate, and complex auditory tone counting. The extent of
saccadic eye movements varled inversely (n subjects as tone counting
complexity increased.

The scecond Phase [ experiment used the same equipment and explored further
the relationshlp of eye movement measures (saccade length) to workload. We
also incorporated experimental evidence of high arousal. To vurganize our
activities we employed a 2X2 classification schema of workload measures to
improve descriptive preciston and permit improved communication of ideas.

To test the relationship between saccade lenqgth and arousal, subjects in
the second Phase I experiment performed an auditory tone counting task at
thtee levels of difficulty while saccadic eye movements were recorded.
Performance varied inversely with difficulty level of the tone counting task
suygesting that the dif{etent task conditious 1nduced different levels ot
mental workload. Averaqe lenqth of saccadic eye movements was also reduced
with increased task difficulty. Corcrelation coefficients between saccade
length and performance for each subject ranged from r = .37 to r = .99 with a
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mean of r = .64. Results suggested that saccade length was a promising
objective measure of task demands of a display and could serve as a useful
measure of mental workload.

Phase 11 objectives were to develop further the Saccade Length Index of
Taskload (wWorkload) or SLIT and cross-validate the results of Phase I. The
ultimate outcome of Phase II would be prototype development of a transportable
system to assess mental workload via the SLIT metric and other bioelectric
measures as appropriate. A chief ingredient in initial development of such a
system was a focus on rapid (i.e., seconds) evaluation of the biloelectric
events so that, when properly identified and classified, such signals could be
fed back to signal generators. This work is divided into three main thrusts:
Meta-analysis, Experimentation, and Software Development. The meta-analysis
section has two components -- a literature review as well as a quantitative
meta-analysis. The sections on experimentation describe a series of studies
which address various aspects of implementing and measuring SLIT. The
software development section outlines procedure and implementation of the
apparatus and scoring used.

A meta-analysis was conducted to synthesize the literature on workload
measures and is presented in a series of tables. In general, the number of
performance-based measures is on the upsurqe over the past decade, and
physiological measures not involving eye movements are on the downswing. The
use of subjective workload measures is stable. Investigations of ocular based
measures, particularly cortical evoked potentials, were on the increase. The
chief finding from the quantititative meta analysis of the ocular based
measuies wWas o suiliclen. predicate (v continuing Lhe Jdirectiivies of SLIT
research, since predictive validities cf eye movement research in general
appeared to be robust.

Exper imentation involved a series of interlocking experiments and proof of
concept Jdemonstration~’ SLIT measures are related to the workload under which
the operator performs, and not to performance per se¢. That is, the predictive
validity of SLIT is chiefly as an index of the objective information load to
the operator, even when visual tasks are employed. while performance improved
when tasks of different Aifficulty were practiced for many sessions, the chief
determinant of saccade length was the number of channels being monitored. The
SLI1T effect, which was originally demonstrated in the dark with an auditory
task, was obtained in a lighted room while monitoring a visual signal, thus
broadening potentially the applicability of the phenomenon. Also, in a
simulated fleld test, SLIT was demonstrated to be robust even when a visual
forcing function (optokinetic nystagmus) was present.

Finally, software development ®automated® the scoring process and
converted stationary equipment to a quast portable system on a low cost
microcomputer. The customized scoring proqram has the ablility to reject
blinks and it is possible to integqgrate eye movencnt records and deliver
analyses, automatically scored, within 2.5 minutes. The software program
possesses many scoring and integration features (viz., left vs. right eyes,
vertical vs. horizontal, vergence/convergence ditfecences can be separated,
velocity), which will easily be accommodated by larger capacity, more
permanently emplaced, laboratory systems.
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INTRODUCT ION

In the early days of aviation, the machine was often the limiting factor
in system performance. Today, overstressed aviators may be more common than
overstressed aircraft. In addition to the structural improvements that modern
technology has provided, new systems permit more information to be presented
in real- or fast-time to the operator than he or she can handle efficiently.
Descriptive terms like “"getting behind the system,* information overload,® and
*"noisy” abound in design conferences, and, poignantly, we have “"declutter
switches.” In modern weapon systems the human sensory systems are often
bombarded with stimuli with the consequence that analyses of displayed
information are time constrained. These issues are not limited to military
jobs. Civilian air traffic controllers are often retired for job-related
workload stress (Hale, Williams, Smith, & Melton, 19/1), and astronauts
experience "time compression® in connection with their high workload perlods
upon reentry (Schmitt & Reid, 1985). As military equipment has been made more
complex, the proportion of the available pool of personnel which possesses the
mental capabilities to accommodate the system is becoming more limited (Tice,
1986; Merriman & Chatelier, 1981).

Investigations of wnrkload are the logical extension of the time and
mot ion studies of Gilbert and Taylor which are often used as the formal
beginnings of human engineering and systems research. Therefore, we will not
describe at any length what workload is and why we study it. These problems
do not come as any surprise to those who grew up in the field of human factors
engineering. Indeed, they were eloquently predicted by Chapanis, Garner,
Morgan, and sanford ('947) in one of the earliest works on systems research
where they said, "...Let us look ahead about 50 years [it's only 42!] and
imagine what kind of problem the air traffic control officer at lLaGuar< i
Field will have when a heavy fog settles over the place and 100 planes
converge on the fleld from Mexico, london. Paris, San Francisco, and
Albuquerque. How are we going to qet all that infocrmation to him [sic!]. How
can =e present this information to him so that he can see the total picture?
There are, after all, only a few channels that we can use in getting this
information into his brain® (p. 240). Relatedly, and more recently. in a
Congressional hearing, several prominent human factors experts from different
fields, inside and outside the bDepartment of bDefense, were invited to offer
their opinions as to the cause of the downing of the Iran Air Flight 655,
Granted that an incorrect decision had been made from displayed information in
that case, the one issue about which the experts appeared concordant was that
the incident was due to the combined effects of the high workload and combat
stresses which were not accommodated in the human factors design of the
tactical information displays for the AEGIS weapon system (House Armed
Services Committee, 1988). Wec dJdo need to do better ac¢ workload measurement,
both from the standpoint of the independent varlable (the workstation) and the
dependent vurlable (how it «ffects thc cperator). This paper will arque that,
{1f such information were avalladble with sufficlent precision, it would be
possitle to take the output of the individual's d4ifficulty with displayed
information and by some means feed this information back into the system so
that the system will better accommodate the tndividual's needs. Following
weiner (1948), we think that something like this is what K.U. Smith (1966,
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1967; Smith & Smith, 1966) had in mind when he began writing about
biocybernetics some 25 years aqo.

s ———————— :J

For the exposition of our ideas, we have used the term workload to refer
to the demands imposed on a given human operator by a given task, and workload
measurement involves an attempt to characterize conditions under which task
demands can or cannot be met by the performer (Gopher & Braune, 1984). Later,
we describe a 2X2 classification schema which we have employed to organize our
present effort. We believe that the improved descriptive precision of this
model will permit improved communication of ideas. The classification follows
from statistical theory and its assumptions, and we believe that it should
have heuristic use as well.

The idea which prompted the present research was that biological events , A
may be predictive of the attentional and task demands of work. 1If these could "
be analyzed in real time and fed back to the machine (or operator), a truly g

biocybernetic system could be created. For example, we know there may be
little or no deterioration in operational performance until the point of |
fatlure is closely approached (Gopher & Donchin, 1986; Schmidt, 1978), but
perhaps sensitive biological measures of workload could provide premonitory 4
signs of impendinqg failure. There are two technical developments which must
be accomplished tc produce a workable system. One is traditionally a human
factors effort, and in the case of bioelectric events, neurophysiological and
biomedical. The other entails enqgineering development, including software and
hatdware. In this work we have set out to accomplish both, but the emphasis
has always been on the former rather than the latter. To organize our present
effort, we describe a 2X2 classification schema which we have employed to
orqanize our present effort. We believe that the improved descriptive
precision of this model will permit improved communication of ideas. The
classification follows from statistical theory and {ts assumptions, and we
believe that it should have heuristic use as well.

Xl
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There are other applications for validated biocybernetic workload
indices. To the extent that such workload measures also {ollow task demands,
they could be employed to index workload characteristics of rilitary systems
during varlious staqges in the human factors enqineering desiqgn and subsequent
evaluation. 1t (s qgenerally accepted that workload is a tunction of task,
operator capabilities, and sequential characteristics (e.q., practice with
task, previous workload history., etc.). Moreover, a4 qencral consensus is that
workload {s multidimensional and that the researcher should have a battery of
workload metrics at his or her disposal (Bateman, 1979; Crabtree, Bateman, &
Acton, 1984; Eqqemeier, 1980; Eqqgemeler, Shinqgledecker, & Crabtree, 1985
¥razler & Crombie, 1982; Gopher & Donchin, 1986). Hesearche:s are determining
whether there are reliable indicants of tndividual differences in information
processing skills (Benel, Coles, & Benel, 1979; bLamos. 19844.b.cC; Danos &
smist, 1981: Wickens, Mountford, & Schreiner, 1981). By assessing workload's
{mpact on individuals for tasks of constant difficulty, workload indices can
be used to match systems according to the reliable iIndividual differences of
the user population. Then better decisions can be made selecting betwecen
desiqn tradeoffs (e.q., customize for individual use, design in "alded®
systems, or automate the function). Any attempt at creating a blocybernetic
system will need to take into account the demand characteristics of the
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workload prior to being able to feedback such information so that the system
produces less workload.

OVERVIEW

This project, which was conceived to be carried out in three phases,
entalls the investigation of a physiological output of the human organism to
be employed as fedback information to systems in order reduce task loading to
acceptable levels; specifically, an eye movement index of mental workload was
studied. Phases I & TI, funded by AFOSR, have been completed and a prototype
is available. Future plans call for a Phase III which will combine Essex
development funding with federal and private sector support in order to make a
fully-up-and-running system available to the technological community.

In Phase I, two investigations were performed to assess the feasibility of
using speclific characteristics of eye movement saccades as unobtrusive
indicants of mental workload. Eye movements were measured while subjects were
differentially task loaded by simple, moderate, and complex auditory tone
counting. The results indicated that the extent of saccadic eye movements
varied inversely in subjects as tone counting complexity increased. Thus
encouraqged, the objective of the Phase 11 work was to further develop the
SLIT. This was done through interlocking. and parallel research efforts
involving meta analytic literature reviews, and experiments and prototype
development including customized software for data acquisition and analysis.
we also offer a model which we use descriptively, but which has heuristic
applications. 1In what follows we will take these issues in turn, but first we
describe why we investigated characteristics of involuatary eye movements.

RATI[ONALE

Impetus for the present effort began with the finding that habituation of
the fast-phase component of vestibular ocular response was attenuated in
subjects who performed a vigllance task (Kennedy, 1972). This miqght be
expected, it was argued, since the fast phase component of nystagmus is
dependent on the integrity of the reticular formation which is also related to
arousal and alertness (Cohen, Feldman, & Diamond, 1969; Darhoff & Hoyt, 1971;
Yules, Krebs, & Gault, 1966). Given that other research related nystagmus to
arousal (Cnllins, Crampton, & Posner, 1961; Collins & Posner, 1963), the idea
was pursued to relate velocity and latency of saccades to performance on a
task which could be varied in terms of the demands 1t placed on the operator.

Thus, Phase 1 (May, Kennedy, Williams, Dunlap, & Brannan, 198%) of the
present effort set out to study rrimarily whether eye movement form was
predictive of arousal measured as performance on a mental task. There were
two studies in Phase 1. 1Infitially, subjects performed an auditory tone
count lng task at three levels of difficulty while the velocity and latency of
saccades in the horizontal plane were recorded. The "veloclity hypothesis® was
not supported - saccade velocities obtained during the baseline condition of
free viewing did not differ significantly from velocities obtained under tone
counting conditions. However, in this study, another variable (saccade
latency) appeared to vary with the task demands but practice effects and
individual differences in performance masked the (elationship. There was also
the suqqgestion that the length of a saccade may provide information about task
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demands. It should also be mentioned that while we did not find support for
our hypothesis in Phase I, we also did not have convincing evidence against it
since there were known limitations in sampling rate and recording sensitivity
of the technique employed.

The second Phase I experiment used the same equipment and explored further
the relationship of eye movement measures (saccade length) to workload. At
this point we also incorporated findings from the literature on eye movement
extent where preliminary experimental evidence showed extent of eye movements
might be reduced under conditions which induced high levels of arousal. For
example, Malmstrom (with Reed, 1983; and with Reed & Randle, 1983) reported a
restriction of pursuit eye movement range during a concurrent auditory task
and, more pointedly, Crommelinck and Roucoux (1976) found that restriction in
saccade length occurred in cats under conditions of high arousal induced by
amphetamines. '

Therefore, to test the relationshlip between saccade length and arousal,
subjects in the second Phase I experiment performed an auditory tone counting
task at three levels of difficulty while saccadic eye movements were
recorded. The mean range of eye movements in the horizontal plane for each of
the three workload conditions are presented in (Table 1) along with mean
performance on the tone counting task. As seen in the table, performance
varied inversely wit,. difficulty level of the tone counting task suggesting
that the different task conditions induced different levels of mental
workload. This relationship was substanttated by a sigqnificant linear trend
(F(1.4) = 9.10, p : .0393). Average extent of saccadic eye movements was also
rejated to task difficulty so that saccade length was restricted with
increased task difficulty level (F(1,4) : 16.6%, p : .02). To further
substant iate the relation of saccade lenqth to workload, correlation
coelficients between saccade length and performance were computed for each
subject. The correlations rangnd fromr = .37 tor - .99 with a mean of r =
.64. Thus, the results from t- 5 research suqgested that saccade length could
be a promising objective measure of the task demands of a display and thereby
serve as a usefuyl measure of mental workload,

TABLE 1. Normallized Spontanecous Gaccade Length and Tone
Count inqg Performance (Percent Correct) as a Function of Task Difficulty

Task Difficulry

Low Med ium Hiqh

saccade Length Mean 3.2% 3.01 2.44
(SD) (2.30) (3.08) (2.32)

Performance Mean 0.96 0.82 0.64
(Percent Correct) (SD) (0.09) (0.19) (0.23)
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DESCRIPTION OF PROJECT GOALS

The purpose of Phase I1 is to develop further the SLIT and cross-validate
the results of Phase I. The ultimate outcome of Phase II would be prototype
development of a transportable system to assess mental workload via the SLIT
metric and other bloelectric measures as appropriate. A chief ingredient in
initial development of such a system would be a focus on rapid (i.e., seconds)
evaluation of the bioelectric events so that, when properly identified and
classified, such signals could be fed back to signal generators. There were
several key technical issues which needed resolution (Table 2) &nd these were
the focus of much of our endeavors. This work was divided into three main
thrusts: Meta-analysis, Experimentation, and Software Development. These are
outlined in the later sections.

TABLE 2. Key Technical Issues for Phase 11 SLIT Program

Description

1 Estublish the relationship between the saccade lenqgth index of
taskload and task performance.

2 Determine the validity of S0LIT procedures when visual tasks are
employed.

3 Examine the effects of practice on SLIT.

4 Extend SLIT to include vertical as well as horizontal eye
movements .

5 Modify SLIT to reject cyeblink artifacts using binocular
recording.

6 Compare SLIT to other physiologlical indices of workload.

Meta-Analysis and Literature Cataloque

To help us plan experiments we went to the sclentific literature on
workload (e.qg., Aasman, Mulder, & Mulder, 1987; Acosta & Dickman, 1984; Biers
& Masline, 1987; Hart & Bortolussi, 1984; Mane & Wickens, 1986) as well as to
conference proceedings, literature reviews and listings of research. We
employed the work of Casalli and Wierwille and their colleagues as a model and
followed their taxonomy. This had the advantage of permitting comparison of
data collected using the same subjects, tasks, and procedures. First, we
catalogued the literature, tabularized them, and then surfaced studies for the
meta-analysis which we employed as a context in which to regard our
experimental findings.

For the meta analysls (Green & Hall, 1984), separate studies having
similar objectives and data presentation formats were compared on a common




metric. For this quantitative literature review, we were primarily interested
in those biological events which emanated in the eye and were related to
workload (narrowed visual field, pupillary dilation, eye movement extent,
eyeblinks, fixation fraction, nystagmus, and event-related potentials).

In connection with the literature cataloguing two useful by-products
emerged:

o In Tables 10-13, the majority of the experimental work done since 1970 is
organized by the type of workload metric, authors, date, and publication.
These tables may be used to discern general trends in this area.

o Because of the number of titles we scanned, we were able to create a
computer-based workload bibliography containing over 600 entries. A hard
copy of the bibliography appears as Appendix A. The bibliography is also
on disk AND may be used with commercial software programs such as d-base.
Coples of this disk are available from the Principal Investigator (Robert
S. Kennedy, Ph.D., Essex Corporation, 1040 Woodcock Road, Orlando, FL,
32803). We believe that quite apart from the written report, of which it
is a part, a computer-based bibliography in this format offers
significant advantages over hard copy in that sorting may be done by
author, key words, date, etc., at the investigator's cholice. A
computer-based bibliography may then become part of the next
investiqator's data base and be updated, added to, annotated, etc., with
little difficultry.

FXPERIMENTAL EFFORT

Ve performed a series of experiments in which the Phase 1 finding of
restricted saccade length during higher workload was replicated. We also
studied its applicability to new situations and exten!ed our knowledge of the
SLIT metric. Specifically, we examined the effects o practice on SLIT and
demonstrated the generality of the SLIT techniques. The results show that the
Si.1T phenomenon is robust and the metric is stable. Even though large
improvements in performance occurred with practice, the validity of SLIT as a
workload metric did not change. Second, SLIT is not limited to audttory
performances which occur in the dark - the metric appears to be appropriate
while tasks which require visual monitoring are performed. Additionally., when
moving visual environments which induce reflexive eye movements were created,
the SLIT responses were still measureable. Below in our development section
we address the independence of SLIT and eyeblink; at least the two metrics do
not appear to covary. The question of overlap and which may be the better
metric will take considerable exploration, but a provocative design question
can be framed using the descriptive model of workload explained below.

SOFTWARE DEVELOPMENT EFFORT

In this part of the work we used analyses, demonstrations., and software
to produce a customized scoring technique which permitted nearly immediate (10
seconds) analysis and reporting of data. Additionally, we demonstrated proof
of concept in the recording of both eyes as well as vertical and horizontal
movements. By software techniques we were able to 1isolate the SLIT metric
from eyeblinks, saccadic frequencles, velocities and other measures. 1In
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feasibility studies three subjects were employed and the examination of the
telationships between eyeblink and SLIT measures implied independence.
Graphic and numerical printouts of the data are also available. This
technique 1is easily adaptable to most laboratory-based PC systems and is as
portable as the computer used for analysis.

MODEL OF WORKLOAD

Like the field of stress, and partly for the same reasons, we believe
there are logical inconsistencies in the workload literature. For example:
(a) workload measures are often dichotomized into objective and subjective
measures; but (b) most measurement of mental workload can also be divisibile
into two other primary categories -- Operator DEPENDENT and Operator
INDEPENDENT. These two classification schemata are neither synonomous nor
mutually exclusive, although the literature search nowhere appears to make
this point. For example, there are subjective metrics which are operator
dependent (e.g., like Cooper/Harper scales {1969)) and there are some which
are (or are intended to be) operator independent (like the Subjective Workload
Assessment Technique). V¥e believe that by application of this 2X2 model,
different outcomes can be predicted to occur depending on the cell from which
a particular metric is selected. On this view, logically some analyses may be
unwarranted when metrics arise from different sets of assumptions. Therefore,
we believe that this descriptive model also has heuristic value.

META ANALYSGIS AND LITERATURE CATALOGUE

This section of the report outlines a quantitative meta analysis
organized by a 2X2 classification model and based on an application of the
point biserial correlation coefficient. The meta analysis is followed by an
in-depth literature cataloque of relevant studies available in the open
literature since 1970.

THE PROBLEM

Wworkload i{s a hypothetical construct which relates to the attentional
demands of a task and {s considered to be one of the many determinants of
human performance. O'Donnell and Eqqemeler (1986) propose that initially. at
low levels, increasinqg workload has little effect on performance. With
moderate to high workloads, however, performance begins to deteriorate, slowly
at first and then more steeply. Other conditions enter into the determination
of workload for a qiven person at a qiven time. Experience or practice, for
example, reduces workload., The same task requirements impose a lighter burden
on a skilled person than on a less skilled one. Time-on task also affects
workload. There are also major qroup differences in how much workload the
same task imposes. 5Sex, age, and various aptitude cateqgories are all relevant
in this connection. Finally., of course, workload varies from one individual
to another.

The complexity of this situation has made it more desirable than usual to
have adequate, objective measures of workload. An operator, of course, can be
asked to report how onerous a task is and, in fact, subjective judgments of
workload are probably the best behaved measures of workload avatlable (Gopher
§ Braune, 1984). Nevertheless, they are still subjective, and sclientific blas
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favors objective measures; at the very least, one should try to develop such
measures.

A DISTINCTION

We take the position that the literature on workload indicants has been
somewhat clouded by ambiguous usage of the word “"subjective.” To address this
ambiguity, we propose that the dichotomy of operator DEPENDENT measures versus
operator INDEPENDENT measures be added to the usual distinction between
SUBJECTIVE versus OBJECTIVE measures. For example, on the one hand, workload
has been used to mean self-report or any measure derivative from self-report
{Boff & Lincoln, 1988; e.g., pp. 1640, 1642). On the other hand, it includes
measures which systematically vary within an individual, which we refer to as
operator-dependent measures. To clarify the distinction, consider eyeblinks.
The number of eyeblinks an operator makes in a standard interval of time is a
strictly objective measure; it does not depend in any way with self-report by
the operator. One can count eyeblinks without benefit of any communication
whatsoever from the operator. Neverthelsss, number of eyeblinks is also
operator dependent; it varies widely from one operator to another under the
same conditions.

Table 3 presents a classification of workload measures, according as they
are subjective or objective and operator-dependent or operator- independent.
The upper row includes all operator-dependent measures. Self report by the
operator is subjective. Objective (operator dependent) measures include
variations in eye movements, pupillary dilation, evoked response potentials,
eyeblinks, heart rate, and of course, much else.

In Table 3, the lower row includes operator- independent measures. In
most exper iments, workload is specified by fixing the properties of a task.
The properties fixed are usually the amount of information the operator must
process, its complexity, or intervals of time between presentation of the
material and allowable response (mnemonic demands). These specifications of
workload are strictly objective. They do not depend on self report from
anyone. However, operator- independent specification may also be subjective.
It may involve self-report or judgment, if you like, but the self or judge is
not the operator but, rather, the investigator or some other expert. The
Subject ive Workload Assessment Technique (SWAT) (Reid. Shingledecker, &
Eqgemeier, 198l1) is a case in point. 1In this approach & trained expert
evaluates a task, using a standardized technique, and assiqns it a rating.
SWAT is a subjective, albeit formalized procedure that does not depend on
self report by the operator. Hence, it falls into the lower left-hand corner
of the 2X2 table.
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TABLE 3. A Classification of vorkload Measures
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Exaaples
Subfiective Objective
Eye Blinks
Operator Cooper-Harper Heart Rate
Dependent Errors
Latencies
gbbjective Informat ional
Operator ' Workload Demand or
Independent Assessment Complexity

Scale (SWAT)

Entries in the cells are examples of the four kinds of workload measures.

Operator INDEPENDENT techniques are based primacrily on task descriptions
such as time between presentation of stimuli, information bits, and number of
information sources. Use of task descriptions to quantify workload is common
to most research in which the intent is to assess workload measurement
techniques. Often, and appropriately, task difficulty is independently
verified prior to its use to validate measures of workload (Bortolussi,
Kantowitz & Hart, 1985; Hart, Childress, & Bortolussi, 1981).

Operator DEPENDENT techniques include workload definitions based on the
operator response. These include:’ (a) subjective indices, (b) task
performance, and (c) physiological measures.

Subjective indices are operator ratings of task difficulty and task
attentional demands obtained via debriefing interviews and questionnaires.
For example, the Multi-descriptor Scale used by Casalil (1982) requires that
operators rate task demands according to each of six descriptors (l.e.,
attentional demand, error level, difficulty, task complexity, mental workload,
and stress). The average of these six ratings is used as a measure of mental
workload. Gopher and Braune (1984) arque that a psychophysical scaling
approach can be adapted to the measurement of workload based on subjective
estimates. As indicated in Table ll, subjective methods of workload
assessment are, apart from performance measures, the most commonly employed
workload assessment tool, most likely because that are easily administered,
low in cost, and require minimal to no instrumentation. Disadvantages include
interruption of task to obtain ratings, operator btas, and low or at least
poorly understood correlation with measures of performance (Gopher & Braune,
1984; Gopher, Chillag, & Arzi, 1985; vidulich & Wickens, 1984, 1985; wickens &
Yeh, 1983; Yeh & Wickens, 1984, 1985).

Task performance indices are based upon the assumption that decreasing
performance results from increasing workload. Examples of performance
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measures include number of errors, percent correct, response time, and
deviation from an optimal flight path. A common performance wmeasure technique
is to measure operator performance on a secondary task (Wickens, 19684). PFor
example, Wierwille and Connor (1983) assigned a primary task to subjects
(i.e., straight and level simulated flight) simultaneously with secondary
tasks (e.g., mental arithmetic). Given a constant level of workload on the
primary task, the performance on the secondary task is thought to represent
“residual resources™ or "spare mental capacity” (Kantowitz & Sorkin, 1983).
Performance variations on the secondary task are thus presumed to measure
workload imposed by the primary task which are not reflected by performance on
the primary task. Disadvantages of performance measures include the uncertain
relationship between performance and workload. Moreover, when secondary tasks
are employed, it is essential that the primary task remains primary, a problem
not always handled satisfactorily (Damos, Bittner, Kennedy, & Harbeson, 1981:
Kantowitz & Weldon, 1985). '

Finally, physiological measures have been extensively utilized to measure
capability to perform physical workloads. As a logical extension, and in view
of the working assumption that cognitive functions have an underlying
physiological basis, measures of physiological responses have been extensively
employed as an indices of mental workload. Examples include measures of
cardiovascular, brain, respiratory, and visual functions. Wwhile physiological
measures have potential in providing a proxy (Lane, Kennedy, & Jones, 1986)
index for mental workload (Donchin & Kramer, 1986; bonchin, Wickens, & Cole,
1983; Frazier, 1966; Kennedy. 1978; Lewls, 1983 a.b; McCloskey, 1987;
O'Donnell, 1981; O'bDonnell & Shingledecker, 1986:; O'Hanlon, 197i; wilson,
O'Donnell, & Wilson, 1982; wWilson, Purvis, Skelly, Fullenkamp, & Davis, 1987;
Yolton, Wilson, Davis, & McCloskey, 1987), they may reflect stress rather than
cognitive load (Shingledecker, 1982), and rarely account for a large
proportion of the variance in the criterion.

It is clear that from the avallable scientific literature no sinu{e
subjective, task, or response measure has allowed mental workload to be
reliably and objectively quantified. Persistent barriers to satisfactory
measure of mental workload include: (1) inadequate conceptualization of mental
workioad {(e.qg., Aunon, Kantowitz, McGillem, & Plonski, 1987; Kantowitz &
sorkin, 1983), (2) task dependent nature of many workload techniques (e.q.,
McCloskey, 1987; Wierwille, Rahimi, & Casali, 1985), (3) and lack of
methodologies to handle human differences in task demands such as extent of
practice on task, previous workload, ability or skill level (e.q., Matthews,
1986).

This distinction between operator-dependent and operator independent
measures is not artificial. 1t corresponds closely to the more familliar one
between random and fixed factors in experimental desigqn. A typical experiment
on workload indicants uses operator independent specifications as treatment
conditions. Thus, the tasks that subjects are asked to perform may be
characterized (usually according to objective parameters) as light, moderate,
or heavy. 1In the experimental design these three specifications are levels of
a treatment factor called "workload.® The factor, moreover, is fixed. The
analysis proceeds on the assumption that the experiment could be replicated
using the same specifications for the workload factor without error or, more
accurately, without sampling error.

12
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The subjects in this typical experiment are studied with respect to their
responses while performing the tasks assigned them. These responses. whether
subjective or objective, are operator-dependent. In the experimental design
the operator response (or indicant) appears as a random factor, either nested
within treatment conditions (as in a factorial experiment) or crossing them
(as in a repeated-measures design).

Failure to draw these distinctions can lead to serious confusion. It is
possible and sometimes useful to correlate, in the sense of the Pearson
Product-Moment Correlation Coefficlent, two operator-dependent measures of
workload. The unit of analysis in such a correlation is the individual
operator. One might want to know, for example, how well an objective,
operator-dependent indicant of workload on one task predicts operator reported
workload on another. One might want to intercorrelate operator-dependent
indicants with a view to determining their dimensionality, as in factor
analysis. All such analyses take place within the upper row in Table 3.

It is also possible to correlate operator-dependent and
operator-independent measures. In any such case, however, one of the two
variables being correlated is fixed (the operator-dependent treatment
condittion) and the other random, whereas two operator-dependent measures are
both random. Any text on correlational analysis points out the difference
between these two situations. At the sample level, the calculations are much
the same, but the models used to analyze these calculations and to test the
significance of the results are fundamentally different. Any quantitative
review of this field must take this into account. Stated differently, when
the experimental design looks at reiationships between elements of different
classes expectedly these should be lower than those within classes.

In a typical experiment, workload treatment conditions are specified in
objective, operator- independent terms. Operator-independent indicants may be
either subjective or objective but the focus in the present report will be
primarily on objective (visual) indicants. The goal of the experimental work
reported here is a biocybernetic indicator of workload. The studies,
therefore, that we will be examining involve the two cells of the right hand
column of Table 3. The question at issue will be how well the
operator-dependent visual (or other) indicants differentiate between the
equally objective workload treatment conditions. If subjects (operators)
respond very differently under the several workload conditions, it may be
possible to infer from the subject’'s response which treatment condition he or
she is in. Of course, it may also be that the operator response in different
treatment conditions overlap heavily, in which case {t is not possible to
infer the treatment condition from the operator's response with much assurance.

The design just described is called in other areys of research a
*biological assay.” An organism’'s response is used to grade or rate the
objective conditions under which the response is made. A precondition of
successful blological assay is that subject responses be well separated under
substantially different treatment conditions. The approach to workload by
looking at objective, operator-dependent indicants 1s thoroughly orthodox. but
it does not necessarily succeed. Everything depends on how well the indicants
*"follow” ot ere currelated with imposed workload conditions. 1f the
correlatton between indicant and workload conditions is "sufficlently high® it
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say make sense to grade the workload conditions according to the mean operator
response. But what precisely are we to use in order to index this
"correlation®? The next step in the anlaysis must be to settle on a measure
of correlation appropriate to the task at hand. In the terminology of
meta-analysis (Green & Hall, 1984) we need to specify a measure of effect size.

EFFECT SIiE

The measure of effect size used in this report will be the point biserial
correlation coefficient. This measure applies to the relationship between a
dichotomous variable and a fully quantitative one. 1t is obtained by scoring
the dichotomy 0 and 1 (or any other two, distinct values) and calculating the
Pearson product-moment correlation coefficlent. 1n short. the point biserial
is a variant of the Pearson r in which, on one variable, many subjects all
have the same score (0) and the rest all have another same score (1).

In an experimen.al context the number of subjects assigned to two
treatment conditions is usually the same. This is true for the papers which
were analyzed in this ceport, but even if the sample sizes varied, it would
still be correct procedure to treat the two sample sizes as the same, provided
that the pooled within-group variance took account of the different sample
sizes. Sample size is arbitrary in an experiment. Hence, when sample sizes
are not the same, they could have been set to be the same and the means and
variances would not change systematically with variable sample size.

Given that the two sample sizes are the same, the most useful form of the
point biserial is the following:

fpb * ((.Y-l - 70)/2)/[((?1 ?0)/2) + 52 w]l/Z

1f we know the means under the same two treatment conditions (Y} and Yo.
and the pool within-group variances (s2 w) e Cpb is simply calculated.

The square of the point biserial is easily shown to equal the ratio of the
between-group to the total sum of squares.

There are two main reasons for choosing the point bhiserial. The first
has already been mentioned, namely, its relationship to the product moment r.
The Pearson coefficient is a familiar and widely understood statistic, and
most psycholoqists have at least a few "peqgs” by which to gauge the magnitude
of a given value. They know, for example, that r - .90 its an acceptable
test-retest reliability coefficient or that r = .40 is a qood predictive
validity for on the- job performance.

The second reason has also been alluded to, namely, the relative ease of
extracting a point biserial from a published paper. No measure of effect slze
can be extracted from every scientific paper or, usually, even most papers;
but means and standard deviations are the most commonly reported of all
statistics and a measure like the point biserial that requires no additional
information is as likely to be calculable from availadble information as any
measure of effect size. Sometimes, moreover, the point biserial can be
extracted even when means and standard deviations are not reported. 1t can,
for example, be extracted from a t-statistic or an ANOVA tahle with one degrre
of frecedom for the workload treatment factor. It can even be calculated from
proportions of “successful” subjects under two conditions.
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There are, of course, some drawbacks also. The point biserial applies to
dichotomies. If an investigator imposes three workload conditions (light,
moderate, and heavy), all three cannot be evaluated with a single point
biserial. 1Instead, one needs three point biserials, one for each of the three
posaible pairwise comparisons. These three comparisons, moreover, are not
themselves fully comparable. The light/heavy comparison should yield a
substantially higher value than the two comparisons between adjacent levels.

Conventionally, it is not recommended that one use a point biserial
excluding a middle category. The reason is that the resulting r,) seriously
overestimates the population r. In the context of a meta-analysis, however,
Ipdb is not used to estimate a population r but, rather, to gauge the extent
of diff=rentiation between two treatment conditions. It is, of course,
necessary to bear in mind "how far apart”™ two treatment conditions are when
quoting an fpb-

This question, ﬁouever. of how far apart two conditions are has to be
faced in any event. Even if the dichotomous variable were fully quantitative,
and we were using a conventional product-moment correlation, it would still be
necessary to consider how far apart the values were over which the workload
factor or variable ranged. 1n short, the necessity of considering the
distance between two levels of a workload factor does not oblige us to do
anything we would not have to do anyway, albeit in a subtler form and one that
might quite probably be missed altogether.

THE CASALL-WIERWILLE EXPERIMENTS

From 1983 8%, Casalil and Wierwille published four studies on indicants of
workload which together constitute a landmarx in the field. All four studies
used similar methodologies and multiple operator dependent indicants of
workload, both subj’ tive and objective. Since these various indicants were
all studied under the same imposed condlttions of operator- independent
workload, the resulting point biserlals are comparable in a way that rpp
from different studies with differentially specified workload conditions
cannot be. Since the indicants were also quite diverse, the Casali-vierwille
studies provide an excellent framework within which to locate the visual
indicants which are our primary concern.

Table 4 presents the findings from the Casall Wierwille studles, where
the indicants have been classifled into four qroups: judgment, vision, other
physiological, and task (primary or secondary). The judgment indicants were
subjective, a modified Cooper-Harper or Multi descriptor scale; the visual
indicants were eyeblinks and fixation fraction: other physlological measures
were heart rate; and the task indicants were control movements, error rates.
and reaction times. Table 4, it should be pointed out, includes only those
indicants that showed a significant overall ANOVA. Table 4, therefore,
presents the best indicants in these four categories. what we see is not a
representative figure but the most that ¢+ n be sxpected of the indicants that
Casall and Wierwille studied in these fou: categorles. Table 4 gives the
maximum biserial observed in a category, the average rpp in that category,
and (on the left) the number of rpp on which that average is based.
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TABLE 4. Effect Size by Category of indicant
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Point Biserial r

Category N Max imum Average
Judgment 18 .816 .499
vision 9 .696 .298
Other Psychological* 3 .215 .145
Task 27 .854 .552

* Heart rate

From these results it appears that subjective and task indicants are
better than visual indicants, which in turn are better than heart rate (other
physiological). The relatively high values for subjective indicants was to
have been expected. As noted earlier, subjectives are usually better behaved
than other indicants. However, as was also noted earlier, the whole thrust of
this report and of most of the literature on workload indicants is to get away
from subjective indicants.

The Lpb for task indicants are unexpectedly high. Judqing from the
O'Donnell and Egqgemeler account of the workload performance relationship, one
would have expected lower values. Even, however, if task indicants are as
strongly related to operator-independent workload conditions as they appear to
be in Table 4, they are still seriously flawed on other counts. Biological
assays for workload are intended to provide a means of grading or rating a
large variety of real world tasks. 1f, however, task indicants were to be
used to register operator responses, then different tasks would frequently or
usually involve different indicants. This fact would entall' ~o crippling
difficulties, one theoretical and one pragmatic. The theorectical difficulty
is that different task indicants would involve different units and, therefore,
be noncommensurate. The pragmatic difficulty is that multiple indicants would
make the work of standardization many times more difficult than it might
otherwise be.

Despite their high values, neither subjective nor tesk indicants meet the
requirements we have set ourselves. That leaves us with visual and other
physioloqical indicants. Judging from the heart rate results in Table 4,
other physiological indicants held little promise.

We are left with visual indicants. Accordingly, the literature on visual
indicants of workload was surveyed and culled for papers which seemed
appropriate for our purposes. A total of 25 papers were located and analyzed,
where possible, using the point biserial metric.

SURVEY OF VISUAL INDICANTS

Candidates for a Visually Based Eye Movement I[ndicant of Mental workload

Of particular interest to this report is the potential of monitoring
activity of the visual system to quantify mental workload. 1In view of the
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central role of eye movements in visual, cognitive, and refined motor
activities (cf., Table 13), it is not surprising that numerous studies have 4
related varjous quantitative aspects of eye movements to attention, cognitive

performance, mental effort, fatigue, drug state, and the integrity of the
underlying neural mechanisas (Ditchburn, 1973; Hall, 1976; Kim, Zangemeister,
& Stark, 1984; Krivohlavy, Kodat, & Cizek, 1969; Monty, Hall, & Rosenberger,
1975). Visual activities which have been monitored for these purposes include
visual evoked brain potentials, eyeblink frequency. pupil diameter, visual |
nystagmus, pursuit eye movements, percent time that eyes are closed, and

saccadic eye movement (e.g., velocity, amplitude, and duration).

Our plan in what follows is to describe the various visually based
measures and then to conduct the quantitative meta-analysis of these methods.

Functional Field of View. One visually-based approach to the assessment ' <
of workload involves the measurement of an observer's functional field of view
(Sanders, 1970). Mackworth (1963) has described the functional field of view
as an area around central fixation from which information is actively
processed during performance of a visual task. The functional field of view
has been found to be sensitive to cognitive load in that it changes in size
according to processing demands. As processing demands increase, a shrinkage
of the functional field of view is typically observed. Mackworth (1963} has
referred to this constriction as "tunnel vision,® and has proposed that {t
serves to prevent an overloading of the processing system when more
fnformation is available than can be processed. Others (Bursil, 19%98;
Teichner, 1968) have also discussed a shrinking of attentional fields as
greater processing demands are imposed. Such modulation of the functional
field of view with task demands has been reported in single task paradigms
such as visual search (Edwards & Goolkasian, 1974), and matching (Williams &
Lefton, 1981), as well as in dual-task paradigms where attention is divided
between a foveal and peripheral task (Acosta & Dickman, 1984; Holmes, Cohen,
Haith, & Morreson, 1977; williams, 1982, 1985).

Pupil Size. Pupil dilation is induced by sympathetic nervous system
activation and, therefore, it has been used as a measure of workioad because
it may reflect a gencral state of arousal in the orqganism (Bradshaw, 1968;
Poock, 1972). This is also a dlisadvantaqge of the technique in that, coupled
with its major function of requlating the amount of light that enters the eye,
the sensitivity of pupil diameter to emotional stress may limit its usefulness
in operational situations. However, under laboratory corditions, pupil
dilation has been very tightly tied to task stimulus conditions (Beatty 1976,
1979, 1982). For example, Kahneman and Beatty (1966) showed that, in a task
requiring subjects to memorize and then repeat digit strings, pupil dilatton
increased with presentation of the digits, and then decreased as the letters
were repeated. 1n addition, the magnitude of the peak was related to the size
of the digit string to be memorized. Systematic variations in puplil size have
also been associated with performance changes in a secondary task (Kahneman,
Beatty, & Pollack, 1967), rehearsal strategles that improve memory (Kahneman,
Onuska, & Wolman (1968), languaqe processing (Ahern & Beatty, 1981; Beatty &
wagoner, 1978; Wright & Kahneman, 1971), mathematical reasoning (Ahern &
Beatty, 1979, 1981; Bradshaw, 1968; Hess & Polt, 1964; Payne, Parry, &
Harasymiw, 1968), sensory perception (Hakerem & Sutton, 1966) and
discrimination (Kahneman & Beatty, 1967). Beatty (1982) presents evidence
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that pupillometry may be used to index between-task variations in workload.
Pupil dilation varied as a function of loaded flight task (Anderson & Chiou,
1977).

Bye Scanning/Dwell Times. Harris, Tole, Ephrath, & Stephens, (1982) found
that increases in dwell times were assoclated with increased workload during a
piloting task under simulated instruments conditions. Other investigators
have performed eye scan analyses to measure visual workload (Krebs & Wingert,
1977; Simmons & Kimball, 1977, 1979; Simmons, Kimball, & Diaz, 1976; Simmons
Lees, & Kimball, 1978a,b; Simmons, Sanders, & Kimball, 1979; waller, 1976),
evaluate the usefulness of instruments during landing (Dick & Bailey, 1976;
Dick & Balley, 1976; Spady, 1978; waller, Harris. & Salmirs, 1979; weir &
Klein, 1970), and to evaluate the workload of displays and instrument
confiqurations (Barnes, 1977; Clement, 1976; Harris, Tole, Ephrath, &
Stephens, 1982).

Eye Blink Analysis. Stern and Skelly (1984) assessed eyeblink, blink
rate, and blink duration in two simulated bomber missions. Differing task
demands were reflected by blink rate and, in addition, blink duration appeared
to be affected by time on task. 1In other research, Bauer, Goldstein, & Stern
(1987) found that, in an encoding and retention task, blink rate was depressed
following the presentation of task cues, memory set, and test stimulus.

Eye Movement Extent. Malmstrom and colleaques (Malmstrom & Reed, 1983;
Malmstrom, Reed, & Randle, 1983) reported a restriction of pursuit eye
movement range during a concurrent auditory task. Ceder (1977) found that
frequency of large amplitude of eye movements was reduced under driving
conditions presumed to induce high levels of workload. 1In addition,
restriction in saccade length was measured in cats under conditions of high
arousal induced by amphetamines (Crommelinck & Roucoux, 1976). Hall (1976)
who appears to be the first (cf., also Hall & Cusack, 1972) to have identified
this phenomenon, provides the clearest explanation of how this relation may
reflect a gating process in the oculomotor system,

Results of Quantitative Meta-Analysis

Table 5 presents the results, using the same format as was used in Table
4. The indicants are orqanized into seven cateqgorles: narrowed visual fleld,
pupillary dilation, eye movement extent, eyeblink frequency. fixation
fraction, nystagmus, and event related potenttals. At the bottom of the table
the sample size, maximum and average fpb 3¢ given €27 211 coven cateqgories
combined.

The maximum fpp tn Table 5 (.801) is higher than for visual indicants in
Table 4 (.696). This, however, is entirely to be expected. The larger a
sample is the larger the larqest value in the sample is expected to be. 1If
the larger sample includes the szaller, the maximum rp) must be at least as
large in the larger as in the smaller sample. The average rph in Table 5 is
somewhat but not a great deal larger than the average fph for visual
indicants in Table 4. Altogether, therefore, the results in Table 5 agree
substantially with those for visual indicants in Table 4. Hence, the first
result of the survey is to confirm the general position of visual relative to
other indicants of operator independent workload.
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The second major result in Table 5 is the prominent position of pupillary
dilation and eye-movement extent among visual indicants. This result is
especlally heartening inasmuch as eye-movement extent is much the same as
saccade length. This implies, but does not prove, that in studying saccade
length as an indicant of workload we may be "barking up the right tree.®

TABLE 5. Bffect Size by Subcategory of visual Indicant

Point Biserial r

Visual Indicant N Max imum Average
Narrowed visual field 24 .569 .275
, Pupillary dilation 19 .801 .535
Eye-movement extent 12 .788 .486
Eyeblink frequency 8 .640 .411
Fixation fraction 3 .696 .504
Nystagmus 4 .445 . 300
Event-related potentials 12 .578 .310
All indicants 73 .801 377

Table 6 presents effect size for puptllary dilation and eye movement
extent broken down by “how far apart®™ the two operator independent treatment
conditions are. The left column contains the average value of rpp for the
l1ightest contrasted with the heaviest workload used in the study (for example,
light/heavy in a 3-conditton (light moderate heavy design). The riqght column
contains the average value of rpp for adjacent levels (light/moderate or
mf.wrate/heavy in a 3 condition design). 1t is not possible, of course, to
say ln other terms how far apart the lightest and heaviest conditions really
are, since there is no common metric; but clearly the high values in the loft
column ought not to be overemphasized. To be able to discriminate between top
and bottom does not seem a sufficient credential for successful biological
assay. The right column is more to the pcint and, also, more probiematic.
Neither puplllary dilation nor eye movement extent, and they appear to be the
best visual {ndicants avallable (with tne possible exception of saccade
length), do an especially good job of discriminating between adjacent leveis
of operator independent workload. The between group sums of squares in these
adjacent level rpp account for less than 20 percent of the whole. Hence,
while the outlook for visual indicants of workload scems to be hopeful. much
remains to be done by way of locating better indicants and perfecting them.
Judging from this survey, however, saccade lenqth could well be such a "better
indicant.”
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TABLE 6. €Effect Size for Maximally Distant and Adjacent wWorkload
Levels: Pupillary Dilation and Eye-Movement Extent

Point-biserial r

Measure Maximally Distant Adjacent
Pupillary dilation .801 .354
Eye-movement extent .679 .434

LITERATURE CATALOGUE

The literature was culled for work relating to workload. This resulted in
the preparation of a bibliography containing over 600 items (Appendix A). In
addition, to discern general trends in the litferature, empirical-experimental
work since 1970 was cataloqued by workload metric cateqory: that is, by
whether the workload metric was physiological, subjective, performance-based,
or vision/eye movement. Three hundred and twenty- eight papers were so
characterized and and are presented in Tables 10-13. 1In each table, the
publication year, workload indice, and setting for data collection are given,
along with the author(s) and publication. FEntrles are listed alphabetically
by author. Literature chosen for the tables include studies conducted to
validate workload metrics and those in which the mental load imposed by task,
system, or subject variables is assessed. Unpublished papers and manuscripts
and foreiqn literature were not included.

Table 7 summarizes the primary publicatior areas. 1t can be seen that 85
percent of this sample of literature is contained in eiqht publication types.
The primary publication avenues are technlca® :rcports ond Proceedings of the
Human Factors Soclety meetings. Less than 34 percent of this literature is
published in referenced journals.

TABLE 7. Major pPublication Areas ftor

workload Literature (Sample Size T28)

bublication Percentage
Techrical Reports, Contractor Reports 25
Proc. Human Factors Socliety 213
Proc. Conf. Manual Control/NASA

Univ. Conf. Manual 1o
Human Factors 10
AGARD Conference Proceedings 7
Aerospace Med./Aviat. Space, and

Environ. Med. 5
Krqonomics 9
othet 19
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Table 8 summarizes the proportion of the literature that includes each of
the workload categories for two time periods: 1970-1979 and 1980--1988. The
table shows that the proportion of the literature, including physiological,
performance, and vision/eye movement-based metrics, appears more or less
stable from the 1970s to 1980s. Notable, though, is the increase in the
proportion of studies including subjective measures of workload.

TABLE 8. Percentage of Workload Sample Including
Bach workload Class

s A e i VR o o = - A = e o e = e s e = = S Y= = e - = = = —————— = - - -

Year
workload Class 1970-79 1980-88
physiological 27% 27%
Subjective 33% 80%
Performance 66% 68%
Eye Movenment 17% 147
Sample Sizes 215 113

Table 9 summarizes the proportion of experimental effort including
physiological and viston/eye movement based measures. Among the physiological
indices, evoked cortical potentials are notable for the increased focus on
them in the 1980s, compared to the 1970s. This Is perhaps because of their
potential role in the testing of limited capaclity processing models of
workload and information processing. Gtudies which include electrocardiogram
and body fluld analysis were not represented in the 1980s sample suggesting
the declining interest in these measures as workload metrics. Measures of
heart rate were well represented in the 1970s and 1980s sample.

Among the eye movement based measures, it {s notable that blink rate was
included in half of the 16 studies in the 1980 decade, but in only 5% of the
19705 decade sample. ULiterature including eye movement/scan/extent measures
aprear to have declined from the 1970s to 1980:,. The experimental results in
this report suqqest, though, that eye movement extent ts potentially valuable
in the assessment of mental workload. 1In addition, preliminary evidence is
that blink rate and eye movement extent are independent, sugqgesting that
future research should include both in the assessment of workload. #inally.
Tables 10-13 summarize the majority of the experimental work done since 1970,
organized by type of workload metric, author(s), date, and publication.

21

R R TV T RN T R TR R T




TABLE 9. Preparation of Workload Sample Including
Major Physiological and Vision/Eye Movement Measures

Year
1970-79 1980-88
Physiological
Heart Rate 65% 53%
Electrocardiogram a3s 0
Blood Pressure 5% 3%
Electromyoqram 12% 3%
Resplration Rate 26% 17%
Skin Resistance 16% 7AY
Body Fluid Analysis 22% o
Evoked Cortical Potentials 10% 53%
Vision/Eye Movements
Blink Kate 5% 50\
Pupil Dilation 25% 31N
Eye Movement/GScan/Extent 53% 19%
Fleld of View 38 19%
sSample Sizes 40 16
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1984
1987
1979
1985
1974
1974
1974
1979
1975
1983
1984
1977
1971

1976

1977
197%
1983
1984
" I82
1971
1984
197%
1972
1979
1984
1978
1977
1980

1980 1

1979
1972
1970

1977
1985
1987
1983
1988
1988

EEG
BP,RR, 5R
ECP
ECP
HK, RK
31
Hi
HR
HR
HR
ECP
EEG, ECG
HK
ECP
ECP
ECP
R
ECG, EKG,
HR,RR,SR
B
ECP
ECP
ECP
b
HR

TABLE 10.

Setting Authors

Lab Aasman et al.

Lab Albery et al.

Lab Antin & Wierwille

HR Bauer et al.

Lab Benel et al.

Lab Biferno

Flight Blyx et al.

Lab Boyce

Flight Brictson et al.

Sim Buckley & O'Connor

Field Caplan & Jones

Sim Casall & VWierwille

Sim Casalt & Wierwille

Flight Clark & Armstrong

Lab Ettema § Ztielhuis

Ladb Frankenhaeuser &
Johansson

Lab Gale et al.

l.ab Gaume & White

LLab Gill & Wickens

Lab Gopher

Flisht Graaff

¥light Hale et al.

Flight Hart et al.

Field Helander

Lab Hicks & Soliday

Sim Hicks & Wierwille

L.ab Horst et al.

¥1ight Howitt et al.

L.ab 1nomat a

l.ab {oreal et al.

L.ab Isreal et al.

l.ab Isreal et al.

i.ab Jenney et al.

t.ab Jex & Allen

¥light Krahenbuhl et al.

L.adb Kramer & Wickens

Sim Kramer et al.

L.ab Kramer et al.

Lab L.alehzarlan

¥light L.inde & Shively
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pPhysiological Indicants

Publication

Human Factors
Proc. Human Factors Soclety

Proc. Human Factors Soclety
Human Pactors

Proc. Human Factors Soclety
Report

Aerospace Medicine
Ergonomics

AGARD Conference Proccedings
AGARD Conference Proceedings
J. Applied Psychology

Human Factors

Ergonomics

Report

Ergonomics

J. Human Stress

Erqonomics

Repott

Proc. Conf. Manual Control
Proc. Conf. Manual Control
Proc. Flight Test Workshop
Aerospace Medicine

Proc. Human Factors Gocliety
Report

Proc. Human Factors Society
Human Factors

Proc. Human Factors Gocliety
Aviat. Space & Env. Med.

J. Human Erqology
Psychophysioloqy

Human Factors

Proc. Human Factors SHociety
Report

Proc. NASA Conf. Manual Ctrl

Report

Proc. Human Factors Society
Human Factors

Human Factors

Proc. Human Factors Soclety
Proc. Human Factors Society
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1981
1984
1976
1974
1979
1979
1976
1977
1970
1971
1973

1988
1973
1979

1973
1965
1977a
1977b
1982
1976

1984
1985
1978
1976
1375
1973
1973

1978
1987
1975
1979
1977

1977

1971

1973

1976

1976
1977
1973
1970
1976

IR
HK
HK
HK
HE, KR

MK

HR

EQG, HR
K

ECG, ECP,
HR

BY, ECG,
ECP

ECG, EEG
EMG , K, RR
5R

ECG . HR

€CG, EMG
KR

B¥

HK
ECP,UR
14

EQG , EMG
RR

Sim
Sim
Lab
Flight
Sim
Flelad
Field
Fleld
Flight
Lab
Lab

Lab
Flight
Sim

Sim
Lab
Flight
Flight
Sim
Flight,
Sim
L.ab

Lab
Flight
Flight
Flight
Sim
Field.
t.ab
Lab,Sim
Fliqght
i.ab

Sim
5im

t.ab

t.ab

Flight,
Sim
Sim

¥light
tab
Lab
Lab
Sim

.

Lindholm et al.
Lindholm et al.
Lorens & Darrow
McHugh et al.
McKkenzie et al.
Melton

Melton et al.
Melton et al.
Miller & Rubin
Mobbs et al.
Mulder & van der
Meulen
Nataupsky et al.
Nicholson et al.

North & Graffunder

Opmeer & Krol
Parasuraman
Pettyjohn et al.
Pettyjohn et al.

Rahimi & wWilerwille

Rault

Robertson

Robertson & Meshkate

Roscon
Roscoe
RoOscCON
Roscoe & Goodman
Sayers

Sek ! uchi et al.
Shively et al
Simonov et al.
smith

soede

Sout endam

Spyker et al.

Stackhouse
Stackhouse

Storm et al.
Strasser
Strasser et al.
Street at al.
Sun et al.
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Report

Report

Electroenceph. & Clin.

AGARD Conference Proceedings
AGARD Conference Proceedings
AGARD Conference Proceedings
Aviat., Space & Env. Med.
Report

Report

Report

Ergonomics

Proc. Human Factors Soclety
Aerospace Medicine
Proc. Human Factors Soclety

Aerospace Medicine

Proc. Human Factors Soclety
AGARD Conference Proceedings
Report

IEEE Conf. Cyber. & Soclety
Book

Proc. Human Factors Society
Proc. Human Factors Society
Aviat., Space & Env. Med.
Aviat., Space § Env. Med.
Aviat., Gpace & Env. Med.
Report

Erqonomics

Aviat., Space & Env. Med.
Proc. Symp. Aviat. Psychology
Aviat., Space & Env. Med.
Keport

Proc. NASA Conf. Manual Ctrl.

AGAKD Conterence Proceedings

Repott

Keport
Report

Report

AGARD Conference Proceedings
Aerospace Medicine

Human Factors

Proc. Aviat. Electronics

Symp.

PPN WY
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1987 HR Lab Vicente et al. . Human Factors
1975 BCG,HR, Lab white & Gaume Report
RR,SR
1977 ace Lab Wickens et al. Proc. Human Factors Soclety
1976 BCP Lab Wickens et al. Proc. NASA Conf. Manual Ctrl.
1983 HR,RR Sim Vierwille & Connor Human Factors
1978 8CG,.EMG Sim Wolfe Report
HR,RR
1979 BEOG,EMG Fleld Zeier Ergonomics
HR,SR

BF = Body Fluid Analysis, BP = Blood Pressure, BECP = Bvoked Cortical
Potentials, BOG = Electrocardiogram, EEG = Electroencephalogram, EMG =
Electromyoqgram, HR = Heart Rate, MT = Muscle Tension, RR = Respiration Rate,
SR = Skin Resistance '
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TABLE 11.

Subjective Measures
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Year

1983
1984
1970
1984
1979
1984
1988
1985
1984
1985
1986
1988
1985
1985
1985
1987
1983
1976
1988
1983
1984
197%
1982
1977
1976
1983
1974
1984
197%
1984
19844
1984h
1984c¢
19844
198%
1988

1981
1983
1976
1976
1983
1984
1984
1983
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l.ab
Lab
Sim
Lab
Sim
Ambig.
Sim
t.ab
Sim
Sim
Sim
Lab
Lab
Lab
Sim
Sim
t.ab
Sim
Field
Sim
Sim
¥ield
Sim
Fliqght
Sim
Sim
Sim
Field
Sim
Lab
l.ab
L.ab

?

L.ab
f.ab
1.ab

Lab
Lab
Sim
Sim
{.ab
Lab
1.ab
L.ab

Authors

Acton et al.

Albery et al.
Anderson & Teivanen
Antin & wierwille
Bateman

Bateman et al.

Battiste & Bortolussi

Battiste & Hart
Berqg & Sheridan
Berq & Sheridan
Berqg & Sheridan
Blers et al.
Biferno

Bloem & Damos
Bortolussi et al.
Bortolussi et al.
Boyd

Bromberqger

Byers et al.
Casali & wierwille
Casalil & Wierwille
Caplan & Jones
Childress et al.
Clark & Armstronqg
Clement

Connor & Wierwllle
Corkindale

Courtriqght & Kuperman

Crabtrere

Crabtrce et al.
Damoss

Damos

Damers

Damos

Damos

Deaton &
Parasuraman
Derrick

Derrick

Dick & Bailey
Dick et al.

Eckel & Crabtrec
Eqgemeler & Quinn
Eqqgemelier & Stadler
Eqgemeler et al.
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Publication

Proc. Human
Proc. Human
Report

Proc. Human
Proc. Human
Proc. Human
Proc. Human
Proc. Symp.
Proc. Conf.
Report

Proc. Conf.
Proc. Human
Report

Factors Society
Factors Soclety

Factors Soclety
Pactors Soclety
Factors Society
Factors Society
Aviat. Psychology
Manual Control

Manual Control
Pactors Society

Psychological Reports

Proc. Symp.
Proc. Symp.
Proc. Human
Report

Proc. Human

Aviat. Psychology
Aviat. Psychology
Factors Soclety

Factors Society

Human Factors

Erqonomics

Journal of Applied Psychology

Proc. Human
Report

Factors Society

Proc. NASA Conf. Manual Crrl.

Report

AGARD Conference Proccedings

HFSC

Report
Proc. Human
Proc. Conf.

Factors Society
Manual Control

Enqg. Tech. Conf. Proc.

Report

Perceptual and Motor Skills
Human Factors

Proc. HUman

Proc. Human
Proc. Human
Report

Report

Proc. Symp.
Proc. Human
Proc. Human
Proc. Human

Factors Society

Factors Society
Factors Soclety

Aviat. Psycholoqgy
Factors Soclety
Factors Soclety
Factors Soclety
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1982
1984
1977
1977
1976
1977a
1977
1984
1984
1985a
1985b
1982
1978
1978
1988
1982
1984
1983
1977
1981
1982

1984a
1984b
1984c¢
1983a
1983b
1983

1986

1975
1976b
1979
1988
1978
1978a
1987
1972
1976
1976
19813
1984
1979
1972

1977
1987
1976
1977
1976
1972
1976
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Lab
Lab
Lab
Flight
Flight
Lab
Lab
Lab
Lab
Lab
Lab
Flight
Sim
Flight
Lab
Sim
Lab
Sim
Sim
l.ab
L.ab

l.ab
Flight
Lab
L.ab
L.ab
Lab
5im

¥light
Flight
sim
tleld
Flight
Field
rield
L.ab
sim
Sim
Sim
Sim
Sim
sim

vield
Sim
Sim
Sim
Sim

?
¥ield

Bggemeler et al.

Bggemeier et al.

Fergenson & Gold

Gelselhart et al.
Geiselhart et al.
Goerres

Goerres

Gophied

Gopher & Braune
Gopher et al.

Gopher et al.
Graaff, R. C. van de
Gunning

Hagen et al.
Hancock et al.
Harris et al.
Hart & Bortolussi
Hart & Chappell
Hart et al.

Hart et al.

Hart et al.

Hart et al.
Hart et al.
Hart et al.
Hauser & Hart
Hauser & Hart
Hauser et al.
Haworth et al.

Helm

Helm

Hicks & Wlerwille
Hill et al.

Howlitt et Al
Hurst & Rose
Hurst & Rose
Jenney et al.
Johannsen et al.
Johnston et at.
Kantowitz et al.
Kantowlitz et al.
Kopala

Kornstadt &
Pfennigstorf
Koym

Kramer et al.
Krebs & Wingert
Krebs et al.
Kreifeldt et al.
Krzanowsk{

Kuhar et al.
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Proc. Human Factors Soclety
Proc. Human Factors Society
Proc. Human Factors Society
Report

Report

AGARD Conference Proceedings
Aviat., Space, & Env. Med.
Proc. Conf. Manual Control
Human Pactors

Report

Proc. Human Factors Soclety
Proc. Flight Test Workshop
Proc. Human Factors Soclety
Report

Proc. Human Factors Soclety
Proc. Human Factors Soclety
Human Factors

Proc. Conf. Manual Control

Report

Proc. Human Factors Soclety
Proc. Fiqhth Psy. in the DoD
Symp.

Proc. Conf . Manual Control
Proc. Human Factors Society
Proc. Human Factors Society
Proc. Numan Factors Soclety
Proc. Conf. Manual Control
Proc. Conf. Manual Control
Proc. American Hellicopter
Society

Report

Report

Human Factors

Proc. Human Factors Society
Peiat, Space & Env. Med,
Ergonomics

Erqonomics

Report

Book

Repoit

Proc. Human Factors Society
Proc. Cont. Manual Control
Proc. Humdan Factors Society

AGARD Conference Proceedings

Report

Human Factors

Report

Report

Proc. NASA Conf. Manual Ctrl.
Aerospace Medicine

Report




1975
1988
1979
1977
1976
1977
1964
1986
1977
1974
1970
1988
1973
1979
1984
1973
1971
1982
1976

1983
1981
1976
1982
1985
1984
1985
1974
1982
1975
1976
1978
1980
1985

1970
1972
1987
1984
1978
1977
1978
1971
1973

1976
1985
1977
1979
1978
1976
1987

R,1/Q
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N
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Flight
Flight
Sinm
Flight
Field
Field
Lab
Lab
Ladb,Sim
Sinm
Flight
Lab
Flight
Sim
Lab
Sim
¥lield
Sim
Fleld,
Sim
Lab/Sim
Lab
Sim
Lab
t.ab
Ladb
Lab
Sim
l.ab
Flight
Flight
Flight
#light
t.ab

Sim
Lab
Flight
Lab
vlight
Ladb
Sim
Lab
Flight,
Sim
Lah
Lab
Flight
Flight
Sim
¥light
Lab

Lebacqz & Aiken
Linde & Shively
Madero et al.
Markeiwicz et al.
Melton et al.
Melton et al.
Miller & Hart
Miller et al.
Milord & Perry
Murphy et al.
Murrell et al.
Nataupsky
Nicholson

North & Graffunder
Notestine

Opmeer & Krol
philipp et al.
Rahimi & wWierwille
Rault

Rehmann et al.
Reid et al.

Repa & vWierwille
Repperger et al.
KRevesman & Rokicki
Robertson

Robertson & Meshkati

Rolfe et al.
Rosenberq et al.
Roscoe

ROSCOO

59 lers et al.
Schiflete
Schleqel

& shingledecket
Schultz et al.
Seifert et al.
Shively et al.
Silverstein et al.
Simmons & Kimball
Soutendam
Spady
Spyker et al.
Stackhouse

stamford
Staveland et al.
Steininger
Stone et al,
Strelbdb

Strom et al.
Vicente et al.
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Report

Proc. Human Factors Society
Report

Report

Aviat. Space & Env. Med.
Report

Proc. Conf. Manual Control
Aerospace Behav. Eng. Tech.
J. General Psychology Conf.
Proc. NASA Conf. Manual Ctrl.
AGARD Conference Proceedings
Proc. Human Factors Soclety
Aeronautical Journal

Proc. Human Factors Society
Proc. Human Factors Soclety
Aerospace Medicine
Erqonomics

1€EE Conf. Cyber. & Society
Book

Human Factors

Proc. Human Factors Soclety
SAE Paper

Report

Proc. Human Factors Soclety
Proc. Human Factors Society
Proc. Human Factors Soclety
AGARD Conference Proccedings
Report

Aviat., Space & Env. Med.
Aviat., Space & Env. Med.
Report

Report

Proc. Human Factors Soclely
Proc. NASA Conf. Manual Ctrl.
AGARD Conference Proceedings
Proc. Symp. Aviat. Psychology
Repoit

Report

AGARD Conference Proceedings
Repot t

Report

Report

Ergonomics

Proc. Conf. Manual Control
AGARD Conference Proccedings
Report

Report

Report

Humar Factors



1988
1985
1983
1984
1985
1976
1976
1977
1974
1975
1983
1988
1983
1985
1984
1978
1984
1985
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Sim
Lab
Lab
Lab
Ladb
Sim
Lab
Flight
Sim
Lab
Ladb
Sim
Sim
Sim
Lab
Sim
Lab
Lab

Vidulich & Bortolussi Proc. Human Factors Society

Vidulich & wickens
vidulich & wickens
Vidulich & wickens
Vidulich & wickens
valler

Vewerinkle
Vewerinkle
Wewerinkle & Smit
white & Gaume
Wickens & Yeh
Wickens et al.
vierwille & Connor
Vierwille et al.
Wierwille et al.

wolfe
Yeh & Wickens
Yeh et al.

Proc. Human Factors Society
Report

Proc. Conf. Manual Control
Proc. Symp. Aviat. Psychology
Report

Proc. NASA Conf. Manual Ctrl.
Proc. NASA Conf. Manual Ctrl.
AGARRD Conference Proceedings
Report

Proc. Human Factors Soclety
Proc. Human Factors Soclety
Human Factors

Human Factors

Proc. Conf. Manual Control
weport

Proc. Human Factors Soclety
Proc. Human Factors Society

1/Q = Interviews and Questionnaires, R = Rating Scales, Ranking

i
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1987
1988
1971
1970
1984
1981
1984
1988

1985
1978
1984
1979
1979
1984
1985
1986
1979
1988
1985
1985
1985
1987
1983
" 374
1976
1979
1979
1983
1984
1983
1979
1982
1977
1976
*1983
1985

1975
1984
1972
1978
1984a
1984b
1984c
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TABLE 12. Performance Measures
Authors Publication
Lab Aasman et al. Human Factors
Lab Albery Proc. Human Factors Soclety
Lab Alluisi & Morgan Perceptual & Motor Skills
Sim Anderson & Toivanen Report
Lab Antin & Wierwille Proc. Human Factors Soclety
Field Asiala et al. Report
Ambigqg. Bateman et al. Proc. Human Factors Soclety
Sim Battiste & Proc. Human Factors Soclety
Bortolussi
L.ab Battiste & Hart Proc. Symp. Aviat. ¥sychology
L.ab Bell Human Factors
l.ab Bellenkes Report
L.ab Benel et al. Proc. Human Factors Society
Sim Ber inger Proc. Human Factors Society
Sim Berq & Sheridan Proc. Conf. Manual Control
Sim Berqg & Sheridan Report
Sim Berq & Sheridan Proc. Conf. Manual Control
5im Bermudez et al. Proc. Human Factors Society
l.ab Biers et al. PHFC
Lab Biferno Report
Lab Bloem & Damos Psycheloglical Reports
Sim Bortolussi et al. Proc. Symp. Aviat. Psychology
Sim Bortolussi et al. AP
L.ab Braune & Wickens Proc. Human Factors Society
Flight  Hrictson AGARD Conference Proceedings
Sim Bromberqer Report
Sim Buckley & O'Connor AGARD Conference Proceedings
L.ab Burke Report
Sim Casall & wWierwille Human Factors
Sim Casali & wierwille Ergonomics
t.ab Chechlile & Sadoskl Human Factors
l.ab Chiles et al. Aviat., Space & Env. Med.
Sim Childress et al. Proc. Human Factors Society
Flight Clark & Arms«trong Report
Sim Clement Proc. NASA Conf. Manual ctrl.
5im Connor & Wierwille Report
Flight Cote et al. Aviat., Space, and Env.
Medicine
Sim Ctabtrace Report
l.ab Crabtree et al. Proc. Human Factors SocCiety
Sim Cross & Cavallero AGARD Conference Proccedings
Lab Damos Human Factors
t.ab Damos Proc. Conf. Manual Control
Lab bamos Eng. Tech. Conf. Proc.
L.ab Damos Report
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19844 p Lab Damos Perceptual and Motor Skills
1985 p? Lab Damos Human Factors
1980 p Lab Damos & Lintern Proc. Human Factors Soclety
1970 P Sim Daniels AGARD Conference Proceedings
1988 P Lab Deaton Proc. Human Pactors Soclety
& Parasuraman
1981 P Lab Derrick Proc. Human Factors Society
1983 P,s Lab Derrick Proc. Human Factors Society
1984 P,s Lab Derrick & McCloy Proc. Human Factors Society
1976 P Sim Dick et al. Report
1977 P Sim Drennen et al. Report
1976 P,s Sim Dunn et al. Proc. NASA Conf. Manual ctrl.
1978 P Sim Edwards et al. Report
1982 p Lab Eggemelier et al. Proc. Human Factors Society
1984 14 Lab Eggeneler & Stadler Proc. Human Factors Soclety
1977 p Sim Ephrath & Curry IEEE Trans. Sys., Man, &
Cybernetics
1971 P Lab Ettema & Zielhuis Erqgonomics
1977 ] ¥light Geliselhart et al. Report
1976 S Flight Geiselhart et al. Report
15676 p Lab,5im Gerathewohi AGARD Conference Proccedings
1978 p,s Lab Glilson et al. Proc. Human Factors Soclety
1985 N l.ab Goettl Proc. Human Factors Socliety
1978 P, 5 Lab Goldstein et al. Human Factors
1979 v, L.ab Gopher §&§ Navon Proc. Cont. Manual Control
1977 p,S Lab Gopher et al. Proc. Huiman Factors %SocCiety
1977 P.S Lab Gopher & North Human Factors
1984 4 l.ab Gopher Proc. Conf. Manual Control
1977 p,3 Lab Gopher et al. Report
198%a P, Lab Gopher et al. Rept.
1985b 4 Lab Gopher et al. Proc, Human Factors Socliety
1982 P ¥light Graaff, R. C. van de ' 1t tst wrkshop
1977 P,5 l.ab,Sim Green & Flux AGARD Conference Proceedings
1978 P, Sim Gunning Proo. Humdn Factors Soclety
1980 [ #¥light Gunning & Manning Proc. Human Factors Gociety
1578 v Flight Hagen et al. Kepott
1988 P L.ab Hancock et al. Proc. Human Factors Society
1974 5 1.ab Hart Proc. Conf. Manual Control
1977 P.5 5im Hart et al. Repott
1976 5 l.ab Hart & Simpson Proc. NAGA Conf. Manual Ctrl.
19844 v Flight Hart et al. Proc. Human Factors Society
1986 v Lab Hart et al. Proc. Con{. Manual Control
1983 [ 4 Lab Hauser et al. Proc. Conf. Manual Control
1978 t Sim Hart et al,. Proc. Conf. Manual Control
1983a 1 4 l.ab Hauser & Hart Proc. Human Factors Society
1983b P L.ab Hauser & Hart Proc. Conf. Manual Control
1974 P45 L.ab Hess & Telchgraber 1EEE Trans. Sys., Man, §
Cybernetics
1979 P,s Sim Hicks & Wierwille Human Factors
1988 1 4 Field Hill et al. Proc. Human Factors Soclety
1972 v l.ab Holland & Tarlow Psychological Reports
1974 P,5 Lab Huddleston Perceptual & Motor Skills
1971 P,S L.ab Hfuddleston & Wilson Ergonomics
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Fleld
Field
Lab
Lab
Lab
Sim
Sim
Lab
Sim
Lab
Sim
Sim

Sim
Sim
Sim
Sim
Sim
Flight
Field
Flight
Flight
Flight
Sim
Field
Sim
Field
Field
Lab,Sim
l.ab
L.ab

Flight

Him
t.ab
i.ab
S5im
Lab
Sim
Sim
sim
l.ab
Lab
l.ab
Lab
Sim
Fleld,
Sim
Lab,Sim
S5im
Lab
l.ab

Hurst & Rose
Hurst & Rose
Isreal et al.
Jenney et al.
Jex et al.
Johannsen et al.
Johnston et al.
Kantowitz & Knight
Kantowitz et al.
Klein & Cassidy
Kopala

Kornstadt

& Pfennigstorf
Kramer et al.
Krause & Roscoe
Krebs & wWingert
Krebs et al.
Kreifeldt et al.
Krol

Laurell & Lispar
Lebacqz & Aiken
L.inde & Shively
Lovesay
Madero et al.
Mcbonald & Ellis
McKenzie et al.
McLean & Hof fman
Melton

Milord & Perrcy
Miller & Hart
Milier et al.

Naqgaraja Rao &
criffin

Nataupsky et al.
North

North & Gopher
North & Graffunder
Notestinno
O'bonnel i

onstott

onstott & Faulkner
Owens & Harris
Payne & Buck
phillips

Price

Rahimi & Wlerwille
Rault

Rehmann et al,
Repa & Wierwllle
Robertson
Rosenberqg et al.
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Ergonomics

Ergonomics
Proc. Human Factors Society

Report

Proc. Conf. Manual Control
Book

Report

Book

Proc. Conf. Manual Control
Proc. Human Factors Society
Proc. Human Factors Society
AGARD Conference Proceedings

Human Factors

Proc. Human Factors Society
Report

1977

Proc. NASA Conf. Manual Ctrl.
Ergonomics

Ergonomics

Report

Proc. Human Factors Society
AGARD Conference Proceedings
Report

Proc. Human Factors Society
AGARD Conference Proceedings
Human Factors

AGAKRY Conference Proceedings
J. General Psychology

Proc. Conf. Manual Control
Aerospace Behav. Eng. Tech.
conf .

Report

Proc. Human Factors Society
Report

Human Factotrs

Proc. Human Factors Society
Proc. Human Factors Society
AGARD Conterence Proceedings
Proc. NASA Conf. Manual Ctrl.
Proc. NASA Conf. Manual Ctrl.
Repott

Proc. Human Factore Society
keport

HHuman Factors

1EEE Cont. Cyber. & Soclety
Book

Human Factors

SAE Paper

Proc. Human Factors Soclety
Repor t
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1978
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1980
1983
1985

1973
1975
1970
1972
1987
1971
1971

1976
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Sim
Flight
Flight
Flight
Lab
Flight
Flight
Flight
Sim
Lab

Lab
Lab
Sim
Lab

Lab,Sim
f.ab

L.adb
Flight
Flight
#light
sim
Ladb,5im
Sim
Field
Sim
L.ab
Flight,
Sim
sim
1,.ab
l.ab
Lab
Flight
Flight
f.ab
i.Ab
Sim
sim

1.ab
Sim
l.ab
Sim
1.ab
l.ab
t.adb
l.ab
Lab
1.ab
S5im

Rolfe et al.
Roscoe

Sanders et al.
Sanders et al.
Savage et al.
Schiffler et al.
Schiffler et al.
Schiflett
Schiflett

Schlegel &
Shingledecker
Schori

Schori & Jones
Schultz et al.
Shiffrin & Gardner
Shively et al.
Shulman & Briqgs
Shulman & Greenberg

Siegel et al.
Simmons & Kimball
Simmons & Kimball
Simmons et al.
Smith

Soedo

Spady

Sperandio
Spilcuzza et al.
Spyker et al.
Stackhouse

Stackhouse
GStager & Mutes
Stager & Zufelk
Staveland et al.
Stone et al.
Storm et al.
citrasser
Strasser et al.
Strieb et al.
Sun et al.

Trumbc & Noble
Verplank

Verplank

Vidulich & Bortolu.st
Vidulich & Wickens
vidulich & Wickens
vidulich & Wickens
Vicente et al.

waller et al.

Wat son

Vauqgh
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AGARD Conference Proceedings
Aviat., Space & Env. Med.
Report

Proc. Human Factors Society
Human Factors

Report

Report

Report

Report

Proc. Human Factors Soclety
Ergonomics

J. Motor Behavior

Proc. NASA Conf. Manual Ctrl.
J. Experimental Psychology
AP

Repor*

Journal of Experimental
Psycholoqgy

Report

AGARD Conference Proceedings
Proc. HUman Factors Socliety
Report

Report

Proc. NASA conf. Manual Ctrl.
Repott

Erqgonorics

Keport

Reportt

Report

Report

J. Experimental Psychology

J. Experimental Psychology
Proc. Conf. Manual Control
Report

Repott

AGARD Conference Proceedings
Acrospace Medlicine

Report

Proc. Aviat Electronics
nymp.

0Orq. Behav. & Human Perf.
Proc. NASA Conf. Manual Ctrl.
Proc. NAGA Conf. Manual Ctrl.
Proc. Human Factors Soclety
Report

Proc. Conf. Manual Control
Proc. Symp. Aviat. Psychology
Human Factors

Proc. Human Factors Soclety
Keport

Repott



1976
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1974
1979
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1975
1974
1976
1977
1983
1988
1984
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] 1977
1979

M,

1977
1979
1973
1978
1977
1978
1984
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Cam ame

Lab
Flight
Sim
Lab
Lab
Lab
Lab
Lab
Lab
Lab
Sim
Lab
Sim
Sim
Lab
Lab
Lab
Lab

l.ab
t.ab
Lab
Sim
Sim
Sim
f.ab
L.ab
f.al:
L.ab

Wewer inke

wewer inke
Wewerinke & Smit
whitaker

white

white & Gaume
Wickens

vwickens

Wickens & Gopher
Wickens & Yeh
Wickens et al.
Wiener et al.
Wierwille & Connor
Wierwille et al.

Proc. NASA Conf. Manual Ctrl.
Proc. NASA Conf. Manual Ctrl.
AGARD Conference Proceedings
Acta Psychologica

Report

Report

Report

J. Experimental Psychology
Human Factors

Proc. Human Factors Soclety
Proc. Human Factors Socliety

Wickens
wickens
Wickens
Wickens

et al.
et al.
& Kessel
& Kessel

Human
Human
Human
Proc.
Proc.
Proc.

Pactors

Factors

Factors

Human Factors Soclety
NASA Conf. Manual Ctrl.
NASA Conf. Manual Ctrl.

1EEE Trans. Sys., Man, a &

wWickens & Plerce
wickens & Tsang
wickens et al.
wWierwille & Gutmann
Wier~ille et al.
Wyl

Yeh & Wickens

Yeh et al.

Zeitlin & Finkelman
Zeitlin & Finkelman

14

Cybernetics

Report

Report

Proc. Human Factors Society
Human Factors

Human Factors

Report

Proc. Human Factors Society
Proc. Human Factors Society
Human Factors

Exp Pub. Systems



1984

: 1979

1988

1977
1977
1979
1987
1985
1976
1979
1983
1984
1977
] 1976
1 1974
1976
1976
d 1980
¥ 1975
1973

1982
1979
1977
1972
1977
1984
1976
1977
1976
1977
1983
1970
1979
1972
1976

1979
1977
1979

1977
1979
1978
1978

1985

PD

BR
PD, BR
ES
CF¥
BR
BR
PD
Fov
PD,EB,EF
PL,EB
EME
ES
ES
ES
ES

ES
PL

EM

5
ES, PD
M

BR

TABLE 13. vision/Eye

Lab
Lab
Lab
Lab
Flight
Lab
Lab
Lab
Lab
Sim
Sim
Sim
Lab
Sim
Sim
sim
sim
Sim
Lab
Lab
Sim
Sim
rield
l.ab
I.ab
Lab
Sim
Sim
1.ab
Flight
Lab
tield
Sim

?
¥light,
Sim
Flight
Flight
Flight,
Sim
¥1light
¥1ight
Flight
Flight,
Sim
1.ab

Authors

Acosta & Dickman
Ahern & Beatty
Albery

Anderson & Chiou
Barnes

Movement

Publication

Proc. Human Factors Society
Science

Proc. Human Factors Society
Report

AGARD Conference Proceedings

Baschera & Grandjean 1Int'l Ergonomics Assoc.

Bauer et al.

Bauer ‘et al.
Beatty

Bermudez et al.
Casali & vwierwille
Casali & Wierwille
Ceder

Clement

Corkindale

Dick & Balley

Dick et al.
Ephrath et al.
Gardner et al.
Gopher

Harris et al.
Harris & Mixon
Hayashl & Oqgawara
Holland & Tarlow
Juris & Velden

Kim et al.

Krebs & Wingert
Krebs et al.
Lorens & Darrow
Lovesay

Malmstrom et al.
Mourant & Rockwell
North & Graffunder
Poock

Rault

sanders et al.
sanders et al.
Simmons

simmons & Kimball
Simmons & Kimball
Simmons & Kimball
Simmons et al.

Simonov & Frolov

Human Factors
Psychophysiology

Proc. NASA Conf. Manual Ctrl.
Proc. Human Factors Society
Human Factors

Ergonomics

Human Factors

Proc. NASA Conf. Manual Ctrl.
AGARD Conference Proceedings
Report

Report

Proc. Human Factors Society
Perceptual & Motor Skills
Perception & Psychophysics
Proc. Human Factors Soclety
Proc. Human Factors Soclety
Jrnl. Human Ergology
wychwological Reports

! ysiological Psychology
Proc. Conf. Manual Control
Report

Repott

Flectroen. & Clin. Neuro.
AGAKD Conference Proceedings
J. Applied Psychology

Humafy Factors

Proc. Human Factors Gociety
Proc. Human Factors Society
BOOK

Human Factors
Proc. Human Factors Soclety
Huran Factors

AGARD Conference Proceedings
Proc. Human Factors Soclety

Kepor i

AGARD Conference Proceedings

Aviat., Space, & Env. Med.



1977
1978
1974
1971
1984
1976
1979
1970
1983
1985
1982
1985
1978 EM, PD

SSREREREER

+BR,EF

88

Sim
Sim
Sim
Lab
Sim
Sim
Lab
Sim
Sim
Sim
Sim
Sim
Sim

Spady AGARD Conference Proceedings
Spady Report
Spicuzza et al. Report
Spyker et al. Report
Stern & Skelly Proc. Human Factors Soclety
Waller Report

Waller et al.
Welr & Klein
Wierwille & Connor Human Factors

Wierwille et al.

williams
williams

wolfe

Proc. Human Factors Society
Proc. NASA Conf. Manual Ctrl.

Human Factors
Human FPactors
Human Factors
Report

BR = Blink Rate, CFF = Critical Flicker Frequency, EM = Eye Movement Analysis,’
EME Eye Movement Extent, EF = Eye Fixations, ES = Eye Scan Analysis, FOV =
Pupil Diameter

Field of Vview, PD =

EXPERIMENTAL EFFORT

In an effort to address issues concerning the reltability and validity of
the SLIT technique, we proposed a series of experiments, demonstrations and

proof of concept trials.

We have attempted to preserve the numbering from the

original proposal and from the Annual Report, although this is somewhat
artificial since as the research and development unfolded, it was necessary to
add experiments in some cases (e.q., 3B).
blink exclusion, vertical eye movements) these were
handled by software techniques and were merely demonstrated in a few
subjects. These are listed below, more or less in the chronology that they

were planned (e.q.,

were conducted.

In other cases where experiments

All experiments employ the complex counting task of Jerison (195%6)
modified for auditory presentation (Kennedy & Bittner, i1980) and which we have
1). Aamong the chief attributes for the

used for many years (Kennedy, 197

present study were that the task stabllizes reasonably well within a short
factor structure of the task does not change). The

practice period (i.e.,

apparatus lends itself to inexpensive, simple data collection with a minimal
The task can be varled (psychophysically scaled) almost
infinitely from “too simple to pay attention to for a long time without
becoming bored” to an "information overload® for all subjects. The task has
been employed in over two dozen studies, and over 1000 subjects have been
tested in one way or another (cf., Kennedy, 1971, 1975; Kennedy & Bittner,
1980; for reviews of the task and its metric propertics). Ve have implemented
the task to be self scoring on a portable computer and will “run® on NEC

data analysis time.

PCB201A and 1BM compatible systems.

Demonstration copies of the proqram are

avalilable on request from Robert 5. Kennedy, PhD. Essex Corporation, 1040
woodcock Road, Orlando,
auditory (experiments 1, 3, 4, and 5), visual (experiment 2) stimull and both.

Florida,

32803.
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EXPERIMENT 1: THE RELATIONSHIP BETWEEN SACCADE LENGTH AND TONE COUNTING
PERFORMANCE

Rationale

The purpose of this experiment was to employ a difficult level of the
counting task in order to precisely relate saccade length to performance
measures. However, as we began the experiment with the first ten subjects, we
found that 1) subjects were not able to perform the task, and 2) there was
virtually no correlation between saccade length and performance. Wwhen these
subjects were brought back for a second session of testing, it was found that
tone counting performance improved for many of them. Thus, the importance of
practice seemed evident and we opted to perform experiment 3 (listed below as
3A) as the initial research. The outcome of experiment 3 persuaded us that
our originally proposed experiment 1 was iliadvised and we therefore conducted
a more promising alternative (experiment 7).

EXPERIMENT 3A: THE EFFECTS OF PRACTICE ON SACCADE LENGTH

Rationale

Practice of a difficult task results in more efficient performance and,
possibly, the reduction of mental workload associated wlth that task. Our
previous demonstration (Phase 1, second experiment) that increased task
complexity results in decreased saccade length was obtailned with low levels of
pretest practice. In the present experiment, we examined the effects of
practice on saccade lenqgth. Our hypothesis was that saccade length would
increase with increasing practice, reflecting the decrease in task load that
derives from increasing automaticity. Such a result would provide evidence
that SLIT is sensitive to an important factor (i.e., practice) in human
performance.

Yethod

Ten volunteer subjects were employed in 10 eye movement recording sessions
occurring over a period of 10 successive days. FKach subject was paid $100.00
at the completion of the experiment.

Apparatus

An infrared eyetracking instrument was used to record eye movements from
the left eye. These signals were applied to the modulation input of a
voltage- controlled frequency generator (Wavetek, Model 148), the output of
which was fed into a siqgnal processor (Nicolet, Modei 1072) which was
programmed to accumulate a time  interval histoqram. 1In this fashion, eye
movement extent was coded in terms of frequency modulation.

The auditory version of the tone counting task was adminlistered with a
microprocessor (NEC, Model 8201A) which was programmed to present a random
series of 36 low pitch tones, 28 medium pltch tones and 24 high pitch tones.
Tone durations were .5 seconds and the same temporal distribution was repeated
every 60 seconds., but the subjects did not recognize that a pattern was
present. The task required that subjects hit one of three keys after each
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fourth low, medium, and high pitch tones. Three separate keys were used to
indicate the three different tone counts. Scoring was always reset in the
event of a miss or an incorrect response.

Procedure

Subjects participated in 10 sessions. In the first session, each subject
performed the auditory tone counting task once prior to recording eye
movements. The following control conditions were then performed for five
minutes each while eye movements were recorded: (1) a fixation condition in
which subjects fixated a small cross (subtending 10 min of visual angle), (2)
an alternating fixation condition which required 20 degree saccades at an
aperiodic rate (.2 Hz), and (3) a free-viewing condition in which subjects
were permitted to freely move their eyes. Following the control conditions,
eye movements were recorded while subjects performed the tone counting task
for five minutes. The procedure was repeated in the subsequent nine sessions
except that subjects were not given the pretest practice.

Results

Data reductinn involved normalizing the range of saccades for fixation,
free- viewinqg and task related saccades by dividing these measures by the range
for alternate fixation. These three measures and the performance scores (mean
percent correct) for each session were submitted to an analysis of variance.
For eye movement data, a condition by sesslons desiqn was employed. For the
tone counting performance measure, a simple repeated measured design was
employed.

Mean normalized saccade lengths across testing sessions are depicted in
Figqure | for each condition. The mean ranges for the fixation condition are
nnsistently lowest across sessions, while those for free viewing are
! .ghest. The ranges obtained in the task condition fell between those
obtained for the free viewing and fixation conditions. The analysis of
varlance revealed that none of the saccade lenqgth measures changed
systematically with practice on the tcne counting task. These conclusions are
supported by the results of the analysis of varlance which revealed a
significant main effect for conditions (F=10.1; df : 18:; p < .0l but no other
signiflicant main effects. Newman Keuls tests revealed significant differences
between the €ixation and free viewing conditions (p < .001), rtask and
freec viewing conditions (p < .05). but not between fixation and task
conditions.

In Figure 2, mean saccadic ranqges obtained during the task condition have
been replotted along with mean tone counting performance 45 a function of
practice sessions. It is apparent in the figure that performance increased
considerably with practice. This is supported by the results of the analysis
of vartance which revealed a significant main effect for sessions (F = 9.13;
df = 9, 18; p < .01).

Finally, an intercorrelation matrix between periormance and saccade
length, collapsed across trials, did not reveal any significant cocrrelations.
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Fig. 1. Mean normalized saccade ranqges for the free-viewing (FV),
fixation (FX), and task (T) conditions across ten testing sessions.
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Discussion

The results show: (1) that the average saccade length obtained while
subjects perform a difficult tone counting task is restricted compared to
free-viewing conditions, and (2) that percent correct performance on the tone
counting task continued to improve across ten testing sessions while saccade
length was not modified as a function of practice. The first finding
reinforces the contention that saccade length may be used to measure mental
workload. The second finding runs contrary to the original expectation that
the task would become automated with practice and that saccade length would
increase. It may be hypothesized that, although subjects were getting better
at the tone counting task, it remained a "high" workload condition which was
reflected in saccade length which remained constant across sessions. If this
hypothesis were true, then it could be expected that if these subjects were
administered low and medium difficulty levels of the tone counting task,
saccade length should reflect the decrease in workload but performance should
remain high. This expectation was tested in an additional unplanned
exper iment (experiment 3B).

EXPERIMENT 3B: THE EFFECTS OF EXTENDED PRACTICE AT HIGH WORKLOAD ON SACCADE
LENGTH OBTAINED UNDER LOW AND MEDIUM WORKLOADS

Rationale

Following the rationale outlined above, the subjects from Experiment 3A
who had the best performance on the tone counting task were cemployed to
replicate experiment 2 from Phase 1.

Method

The same basic control conditions which were employed in experiment 3A
were employed. Then then were required to perform a one tone counting task
(depressing a key after every fourth low tone), a two tone counting task
(depressing a key after every fourth low tone and another key after every
fourth medium tone), and then a three tone counting task (depressing separate
keys after every fourth low., medium, and high pitch tones). Each of the tone
count inqg tasks were performed for five minutes under free viewing conditions
whilc eye movements were recorded.

Results

The data were reduced and analyzed as in experiment 3A. The mean
performance scores (percent correct) and the individual differences {n saccade
lengths were normalized and are presented in Fiqure 3 for each tone counting
condition. As is apparent in the fiqure., tone counting PERFORMANCE did not
vary significantly with task locad, as expected. 1In contrast, saccade length
(SLIT) decreased with increased task difficulty, also as expected. Finally,
the correlation between saccade lenqgth and tone counting performance scores
was not statistically significant.
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Saccade length measured in subjects who performed tasks of low, medium,
and high difficulty reflected changes in mental workload after they had
extensive practice on the high difficulty level of the task. This finding
supports the hypothesis that workload remained constant across testing
sessions in experiment 3A. The combined results of experiments 3A and 38
suggest two important findings. First, the saccade length measucre is not

* affected by extended practice under difficult task conditions. Thus, under
extended practice on a task that induces high workload. saccada length
reflected workload while performance did not. This finding is important given
the use of performance indices to measure workload. Moreover, it is a partial
answer to the question posed for experiment 1; namely, the relationship
between SLIT and performance. Second, these results suggest that saccade

* length remains a valid measure of the mental effort required under low and

M o it

medium task demand levels even after extended performance at high task
difficulty level. This finding is important given the increasing concern with
temporal factors involved in workload (e.g., Matthews, 1986) and the possible
effects of practice on workload indices reported in other research (May,
Kennedy, Williams, Dunlap, & Brannan, 1985; Wilson, McCloskey, & Davis, 1986).
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EXPERIMENT 2: THE EFFECTS OF VISUAL TASKLOAD ON THE EXTENT OF SACCADIC EYE
MOVEMENT .

Rationale

Previously (Phase I experiments and Experiments 3A & 3B) we demonstrated
that the extent of visual saccades decreased as task complexity increased
using a three channel auditory tone counting task. 1In this experiment, we
attempted to replicate these findings while using an analogous visual task
which did not require precise visual fixation or tracking but did require
visual monitoring and the same type of cognitive effort (i.e., counting).
Thus, this experlment addresses the issue of generalization and the practical
issue of whether the SLIT technique can be employed while operators perform
visual work. Obviously if visual stimuli interfere with SLIT measures (or
were necessary for triggering tt) usefulness would be limited.

Method
=g

Ten subjects who were paid $10 for their participation were instructed to
perform low, medium, and high difficulty levels of a visual counting task
while eye movements were recorded using the same methodology reported
previously in experiment 3A. In addition, the same microcomputer was used to
admintster the task, but the microprocessor was reprogrammed to present a
series of three dark rectanqgles (1 ¢cm X 2 cm) on the face of a LCD screen.
The rectangles were arrayed horizontally in three channels (left, center, and
right) with the left and right rectangles located 10 deqrees to each side of
the central one. The screen was located 18 inches in front of the subject's
bite bar. Each rectangle was presented for one second and thelr order of
occurrence was aperiodic with the average rate of occurrence being .2 Hz.
tinder the three counting conditions the subjects (1) counted each occurrence
»f the left rectangle and depressed a key after each fourth occurrence, (2)
ounted the occurrence of each left and middle rectangle and depressed
different keys after the fourth occurrence of each one, and (3) counted the
occurrence of each left, middle, and right rectangle and depressed different
keys after the fourth occurrence of cach. Fixation, alternating fixattion, and
free-viewing control conditions were run as described previously in experiment
3A.

Results

Measures of rectangle counting performance and normalized saccade length
were computed for each condition. The mean saccadic range and counting
pecformance scores have been presented in Figure 4 for each counting
condition. The performance decrements with increasing task load declined, but
overall performance was quite high relative to that for tone counting in
experiment 1. Decreasing saccade length was, again, associated with increases
in task difficulty. Analysis of variance revealed significant main effects
for performance (F - 7.11; df 2,18; p < 0.005) and saccade length (F = 16.07;
4f 2,18; p < 0.0001). Subsequent Newman-Keuls tests revealed that performance
under high task difficulty was significantly lower than the other two
condittons (p < .008) and the mean saccadic ranges under all conditions were
significantly different from each other (p < 0.02 or less).
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Discussion

These data indicate that the saccade length index of taskload is valid
under conditions of visual channel monitoring. Thus, it appears that SLIT may
be generalized to other visua! performance tasks which do not require precise
fixation or tracking.
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EXPERIMENT 7: MEASUREMENT OF SLIT WITH A VISUAL FORCING FUNCTION
Rationale

The experiments carried out to date indicate that the eye movements are
restricted in range when subjects are performing tasks involving high degrees
of mental workload. The present study examines the relationship between
saccade lenqgth and workload while subjects are exposed to a visual forcing
function which was designed to simulate the dynamic features which aight be
viewed from an aircraft cockpit. To simulate this w employed a series of
stripes which normally produces optokinetic nystagmus (OKN) - related to
railroad nystagmus. One of two outcomes was hypothesized for this situation:
1) OKN would be unaffected during the task and saccade lrngth will no longer
be related to the level of task complexity, or 2) OKN wculd be inhibited and
the degree of inhibition will increase with workloed. 1If the first hypothesis
were confirmed it would imply that the SLIT technique is not useful in
situations which require reflexive eye movements. If the second hypothesis
were confirmed, it would imply that the cognitive load results in a reduction
of saccade lenqgth even in the presence of provocative stimulation.
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Method

Ten subjects were paid $10 00 ~ach to participate. Optokinetic
stimulation was provided by a 20 degree field of vertical stripes displayed on
a oolor monitor (Tektronix, Model 690SR). The stripes were red and green and
had spatial frequency of 1.2 c/d. The stripes appeared to drift to the right
for 10 seconds and then to drift to the left for 10 seconds. This duty cycle
(.1 Hz) was repeated for five minutes.

Subjects were required to participate in the control condittons as in
experiment 1 (fixation and alternate fixation), and to undergo five minutes of
optokinetic stimulation while eye movements were recorded. Next, they were
required to perform a one-tone counting task (depressing a key after every
fourth low tone). a two-tone counting task (depressing a key after each fourth
low tone, and another key after every fourth medium tone), and then a three
tone-counting task (depressing separate keys after every fourth, low, medium,
and high pitch tones). Each of the tone counting tasks were performed for
five minutes under conditions of optokinetic stimulation while eye movewents
were recorded.

Results

The data were reduced and analyzed as in experiment 1. The mean
performance scores (percent correct) and the mean saccadic ranges are
presented in Figure 5 for each tone counting condition. As is apparent in the
figure, tone counting performance declined significantly with task load, as
expected. Interestingly, saccade lenqgth decreased with increased task
difficulty, even when optokinetic stimulation was used. Flnally, the
correlation between saccade lenqgth and tone counting performance scores was
not statistically significant.
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Discusstion

Saccade length measured in subjects who performed tasks of low, medium,
and high difficulty reflected changes in mental workload even under conditions
of optokinetic nystagmus. This finding indicates that the saccade length
index of workload is a valid measure even when a reflexive visual forcing
function is employed.

EXPERIMENT 4, 5 & 6: EXCLUSION OF BLINK, VERTICAL EYE MOVEMENT RECORDING AND
CORRELATION OF PHYSIOLOGICAL MEASURES.

During the last year our effort turned to the software development as the
key focus of our effort. As we moved deeper into a careful development and
subsequent debugging of the software and scoring protocols, the successful
conduct of this work in some cases precluded the need for experimental work
since it was possible to demonstrate the requirements once the software
package was completed. Recordings were made with the newly developed
automat tcally scored system (described below under hardware and software
development) from three subjects over 30 epochs each and the five "different®
physiological variables were cast into a correlation matrix. Left and right
eye measures were accomplished separately. In qeneral there was a bias within
a subject indicating a directional preponderance but these differences, while
rejiable, were small. 1t is important however to have this capability for
some measurement purposes (e.q., when diplopia or disconjugate eye movements
are suspected) and when vergence/convergence issues can surface (e.q., with
niqght vision qoqqles or visually coupled systems are in use). Table 14
provides correlational data for the five “different® physiological variables
which are used in our standard packaqe. 1t may be seen that eyeblinks
correlate r =0.40 (p<.001) with SLIT but this correlation would only imply a
16 percent overlap between the two measures. 1t would seem that while these
two indicants are related, the relationship is weak. The case for velocity
and SLIT is much stronger, and this is not surprisning since similar metrics
(displacement, speed, duration) are employed in calculating both measures.
These reveal a 50 percent overlap a relationship which is rational. The
other measures (saccade frequency, and duration of saccades) may turn out to
be useful measures in future studies.

TABLE 14. Intercorrelations of Saccade Frequency, Duration,
LLength, Blink Kate, and velocity

Frequency buration Blinks velocity 5117
Frequency 1.00
Durat ion 0.23 1.00
Rlinks 0.40** 0.12 1.00
Velocity -0.20 -0.74** 0.23 1.00
SLIT 0.04 -0.12 0.09 0.71** 1.00
**p < .001

N : 90
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GENERAL DISCUSSION

The major finding of these investigations is that the range of extent of
spontaneous eye movements decreases as cognitive workload demands increase.
This is the case when an auditory counting task is used and also when a visual
counting task, which does not involve fixation or tracking, is employed. The
results of experiment 3 indicated that the saccade length measure is not
affected by extended practice under difficult task conditions. Thus, under
extended practice on a task that induces high workload, saccade length indexed
objective conditions of workload while performance increased. This finding is
important gqiven the previous use of performance indices to measure workload
because it implies that the method may be very stable and relatively
1ndependant of practice effects. Finally, "he results of experiment seven
suqggest that saccade length remains a valid measure of the mental effort
required under low, medium, and high task difficulty even in the presence of a
reflexive visual forcing function. This finding is important glven the
increasing concern with temporal factors involved in workload (e.g., Matthews,
1986) and the possible effects of practice on workload indices reported in
other research (Wilson, McCloskey, & Davis, 1986). Moreover, this finding
makes SLIT, along with blink and other nontriggered events very important
adjuncts for use in real world slituations where it is not necessary to have to
"see through” stimuli which are required by other metrics.

These findings ralse interesting questions reqarding previous reports of
attentional constriction during conditions of high levels of mental workload.
1f this phenomenon is assocliated with an attempt to restrict information
processing to a limited portion of the central visual fleld, then it stands to
reason that a concommitant restriction of eye movements would facilitate such
a process. Future research aimed at assessing attentional constriction and
eye movement cxtent under varying levels of cognitive workload would further
elucidate th.' relationship.

HARDWAKRE AND SOFIWAKE DEVELOPMENT EFFORT
GENERAL ANALYSES

The techniques employed in the present investigation included two seriou:
limitations which we set out to rectify in the development portion of the
present effort. First, the eye tracking apparatus was insensitive to eye
movements in non horizontal meridians. 1t may be possible to use similar
techniques with instruments which track vertical as well as horizontal eye
movement signals. Second, the apparatus employed did not allow for the
exclusion of eyeblinks. As Stern & Skelly (1984) have shown, cyeblinks chanye
under conditions of cognitive workload and it may well be that a system which
measures both frequency of eyebiinks and saccadic range uncontaminated by the
former would offer a more sensitive tndex of taskload. A final caveat
concerns the applicability of this technique to real world settings. Although
the apparatus used in the present study required a rhin block for head
stabilization, other less restrictive methods are avatlable and need only
involve head mounted eye monitoring equipment. In what follows we employ a
system where the head 1s fixed for calibration and then held stationary by a
chin block which is less restrictive than a hite board. 1If additional
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channels of information were available for recording of head position, there
would be no technical reasons why eye movement recordings could take place
while the head were unrestricted.

Relatedly. we considered the possible artifacts in eye movement recording
which could result from oculomotor system interactions (e.q., accommodation,
vergence and convergence). -hese issues were surfaced during equipment
hardware and software design conferences. They were considered to be
important issues throughout this effort but of less importance when compared
to problems which occur due to the intrusion of blinks. Moreover, by
recording vertical and horizontal eye movements separately and excluding
eyeblinks through our software programs, we believed some of the problems with
vergence would either be removed through the separate recording or could be.
More expensive data analytic systems (i.e., more channels and more storage)
could have eliminated these artifacts further but we did not consider the
additional expense warranted at this stage of development of SLIT.

Since we are able satisfactorily to measure the movement of both eyes
separately, we see no important technical issues in addressing this issue in
future versions of this system provided that there are sufficient channels and
computer storage capability. Likewise, we know that accommodation can be
measured in real time (Fowlkes, Kennedy & Hennessy, 1987) and have done so.
Accomodat ion can be removed, but because measurement and recording of this
information also adds considerable to the cost (and thereby limits future
portability) we have only reckoned with this issue in our scientific meetings
and discussions. The relationship of accommodation and arousal (i.e.,
emot fon) has been addressed in another context (Fowlkes, Kennedy & Hennessy,
1987). we believe these two techniques (dark focus and SLIT) should be merged
when both are developed further. At the present time incorporating the two
would complicate and (more importantly) retard the development of both. These
oculomotor effects when compared to those of other concerns were small and
have therefore employed this form of analysis to address these potential
artifacts.

In summary., we have attempted to answer, either by provocative test or
analysis, those problems which we considered to be sigmificant. We defined
significant to be those which were necessary and sufficient for ultimate use
of the blocybernetic system. We have releqgated problems believed to be less
critical to the successful functioning, particularly when they represented
high cost items, to a lower level of importance and dealt with them through
CONSeNnsus .

Therefore, in parallel with the experimental effort we conducted a formal
hardware and software development effort to produce a prototype of a
quasi-portable, and versatile SLIT system. Development took coqgnizance of the
experimental results and, where practical, incorporated features found
beneficial (e.qg., two-dimensional eye movement recording, eyeblink
rejection). Experimental demonstrations of these features were accomplished
in this effort and are described more fully below. Development was concerned
with key technical issues which did not lend themselves easily to experimental
solution, or which required customized software programs to effect outcomes
which were deemed necessary from the experimental effort (viz., computer
selection, interfaces, and software).
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COMPUTER SELECTION

We purchased a PC's LIMITED® 12 MHz 286 microcomputer as the main
processor of the SLIT system. The computer has 640 kilobyte main memory, 1.92
megabytes of expanded memory, (giving a total of 2.5 megabytes of addressable
memory), a 72 megabyte hard disk confiqured as three 23 megabyte hard drives,
a 1.2 megabyte and 360 kilobyte floppy disk drives, an Intel 80287 math
co-processor; and thus has sufficient computational power for the SLIT
system. The video interface was an EGA compatible display controller with a
Mitsubishi RGB BGA monitor. A comparably equipped IBM PC-AT (TM) would have
cost almost 75 percent more, yet would not have delivered the necessary
processor speed and disk storage to handle the amount of data collected.

In year two, we would have purchased a portable microcomputer {e.q..
COMPAQ 386 (TM)] which would have enabled SLIT to be transportable and used
for field testing. However, with the introduction of the IBM MicroChannel
(TM). along with a shortaqge of 256K CMOS DRAM chips; the price of the portable
computers capable of performing this task proved to be prohibitive to this
effort.

INTERFACES
Interface issues concerned the development of a head mounted recording
system, easily applied surface electiodes, reliable amplification, and an

analog to digital converter .

We have experimented with both silver/silver chlocide and qgold suctae
clectrodes and with different methods of attaching them.  Currently, we favor

4 mm silver/silver chloride electrodes for EOG recordings.  Subjects were
instructed to thoroughly wash theie face and left fnner wrist.  After o
complete sorub down, subjects were instructed to lightly buff with sant aper
the seven locations where the electrodes would be applied (see Figure 0 The

weven sites were then cleaned Wwith an alcohol swab, and the electrode. aere
applied.

Subject impedance was then checked by connecting the ground electpode
(i.ee., the one attached to the agbject s wrint) to the common of an Ohs “eter,
connecting a reference electrode tao the positive pin, and aetting the ~eter to
k¥x1000. 1t was determined that o qgood, clean signal could be obtained it the
megsured resistance of each ol the wutface electrodes measuted less than
19,300 ohms.  If this test panned our maxizumn impedance, the surface
eclectrodes were then connected to the three amplifier:,.

We used three reliable anplifiers featuring characteristics sultable
for EOG recording. 7The three amplifiers (2 vertical cahannels, 1 horizontat)
were EOG amplitiers obtained on loan from the U.5. Navy, and were powered by
Hewlett Packatrd HPA2L1TA Power supplies, also on loan from the U.5. Navy.

We purchased a MetroByte cotporation DAS 16F B channel (bipolar)
analoq to-digital converter capable of sampling up to 100,000 samples per
second to serve as the SLIT interface to the microprocessor. The DAS 16F also
provides 2 D/A channels, and 8 biqgital 170 Channels. The interface provides
for 9 different voltage selections, plus o user option 15 available for
customizing yout own voltajge ranges. Connecting to the DAS 16F via a 37 pin
ribbon cable, we purchased an STA 16 Sorew Terminal Board «hich enable us to
castly modlfy our cabling requjrement:,
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Fiqg. 6. Placement of Electrodes for Eye Movement Recordings

In all our experiments, we selected ¢2.5 volts for signal gain, giving us
a resolution of 1.22 millivolts. For the later experiments, we sampled three
different channels (1 horizontal, 2 vertical) at 256 samples per second each
(1.e., 256 samples per second (SPS) for the horizontal channel, 256 SPS for
the left eye vertical movement, 256 SPS for the right eye vertical movement).

We designed and built our own calibration board which doubled as the
visual version of the counting task. This board. (Fiqure 7), contains 8 red
LEDs imbedded in a four foot square panel which was painted black. The LEDs
are controlled via software using the 8 digital I/0 channels provided by the
DAS-16F. With the subject seated 6 feet from the center of the board, and at
efe level, 40 degrees of vertical and 40 degrees of horizontal distance

separate the top/bottom, left/right LEDs, with 10 deqgrees of separation
between each LED.
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Fig. 7. cCalibration/Visual Counting Board

SOFTWARE OVERVIEW

With the purchase of the DAS l6F, we also acquitred FORTRAN IV object
»dules to ald in the sampling of Analog to Digital channels, the progranring
of the on-board Real Time Clock, and proqramning of the Diqgital 1/0 channels.
This libtary is used extensively in each of the software proqrams described
below,

We have written software for the SLIT syster to permit storaqge of
analoqg to digital converstons of eye movement siqnals (including
two - dimensional recording), data archiving, and immediate play back. In
addtition, software has been wrlitten to take A novice SEIT system user throuqgh
calibration techniques and actual use of the system.

While it would have been desirable to have immediate on line scoring of
saccade lenqgths, eyeblinks, and saccade durations, it was found that with the
computations involved, (even with the high speed processor in use), it was not
frasible without an increased expenditure for more expensive and faster
hardware.

Currently, we are able to analyze a two and a half minute session and have
the results stored in an intermediate file in less than two minutes, With the
price of fast DRAM chips coming down to a reasonable figure, and with
tncreased availability, most 80386 machines are now within the price range of
the system we originally purchased; and we would anticipate that concurrent
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processing of the data collected during a session is now a fiscally prudent
possibility.

DESCRIPTION OF THE SOFTWARE MODULES

All of the executable modules are kept on a single partitioned drive of
the computer, in our case in directory BIOC. The source code for the Essex
developed modules are located in a sub-directory as are the libraries used for
linkage. Data are collected in the main directory, and after an experimental
run, are °‘squashed’, archived, and stored in a DAT sub-directory.

There are four modules which need be executed to cycle through an
experimental run: ULIVESHOW, BIOC, SQUASH and SCORE.

LIVESHOW is run prior to beginning the data recording, and after the
electrodes have been tested. Because there tends to be a slight drift in the
signals, from the beginning of a session to the end, it is necessary to ensure
that all signals start on the zero iine. ' LIVESHOW enables to experimenter to
center each signal prior to the execution of the experiment by displaying the
incoming signals from the subject on the BGA monitor.

once the hardware has been calibrated, the run-time data recording task,
BIOC, is executed. Upon execution, the experimenter is prompted for a thrce
letter subject identifier, most often the first letter of the subjects firset,
middle and last name. The experimenter then enters the order of the tasks to
be performed by the subject, (i.e., high, middle, or low demand).

kach workload level is broken down into two 2.5 minute sessions. A
scftware calibration period precedes and follows each 2.5 minute session. Tt
was decided to place a calibration section at the end of a sesston due to the
slight drift that occasionally occurs. With a calibration period at the
beginning and the end of each session, o romatic compensation can take place
in the scoring module. The software calibration routine successively
flluminates the calibration LEDs in the following order: 20 degree vertical,

10 degrees vertical, 410 deqgrees vertical, 20 deqgrees vertical, 20 degrees
horizontal, 10 deqrees horizontal, ¢10 deqrees horizontal, ¢20 degrees
horizontal and 0 deqgrees (center 1LED). The subject i instructed to fixate on
the illuminated LED and one second's worth of data i+ cotlected and stored in
the data file.

The next 150 seconds worth of data consist of the a tual eye moverent
data, followed by 9 seconds of calibration data and, tinally, the pertormance
scotes for the trial session. Data are stored as 2°'n complement two byte
integer values, using the upper 12 bits of the word. The tirst word of the
file is data for A/DL channel 0, the second is channel 1 and the third word is
channel 2. Data are stored in the above order for cach sample taken during

the run. Since we sampled at 256Hz, one second worth of data takes 1536 bytes.

After the last workload level is completed, (when the experimental run is
over). the SGQUASH module is executed to compress the file. UDue to the timing
of writing to the disk, sometimes zero data is transferred into the flle.
SQUASH removes this non data and effectively cuts €ile size by approximately
23 percent.  Since a complete testing session generates over 2.5 megabytes of
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data, SQUASH effectively reduces this amount to nearly 2 megabytes. After
scoring the data, we further compressed the data using PKARC, an archiving
program, which reduced the size of the data files to about 1.25 megabytes, and
then we moved the archive to the DAT subdirectory.

The SCORE module prompts the experimenter for the three letter subject ID,
and asks whether or not a visual display of the data is desired. The data for
each testing session is then read, scored, and results are printed in file
SACCADE.DAT, and is also displayed on the EGA monitor. If a visual display of
the data was requested, the vertical channels are displayed in blue, and the
horizontal channel is displayed in green. Two seconds worth of data is
display on the monitor at a time. The next frame of data is displayed by
pressing any key on the keyboard. Saccades are identified by vertical green
lines, and eyeblinks are identified with a vertical blue line. A sample
report generated by the SCORE module can be seen in Fiqure 8. As can be seen
from the figqure, each session is broken down into five 30 second epochs.
Results reported for each epoch are saccades per second,” average duration of a
saccade, average duration of a lefL jolng saccade, average duration of a
right-going saccade, number blinks, average estimated saccade velocity,
average SLIT per epoch, average left-going SLIT per epoch and average
right-going SLIT per epoch. Also reported are average durations of saccades
for the session, average SLIT score per session, the number of saccades per
minute, and number of blinks per minute. The final listing displays subject
performance on the counting task.

Saccade identification is comprised of three stages: the first identifies
saccade initiation, the second saccade termination, and the third computes the
voltage delimited by these points to arrive at the size of the saccade. To
identify saccade initiation, the program calculates the absolute ditference in
amplitude between five successive samples (19.5 ms) from the horizontal
channel. 1f all five differences exceed 3.66 millivolts AND ate in the same
direction, a tentative saccade initiation is flagged. Saccade termination is
determined by searching for five successive samples whose differences are less
than 3.66 millivolts. If saccade termination criteria is not met within' 20
ms, the tentative saccade is flaqged as a false saccade, and not included in
the data analysis.

The size of the saccade, 5LIT. is computed by taking the absolute
difference in amplitude of the end of the saccade from the beqinning of the
saccade. This results, in millivolts, is then multiplied by the scale factor
obtained from the calibration routines to arrive at the number of degqrees the
eye moved. Duration of the saccade is computed by simply subtracting the
number of the data point which began the saccade, from the ending data point
number and multiplying by the known sample rate, which in this case, is
256Hz. For example, if a saccade beqan at data point number 1432, and ended
at data point number 1466, the duration of the saccade would be 34 x .0039063,
giving a result of 132.8 milliseconds. Velocity of the saccade, In degrees
per second, is estimated from dividing the SLIT score obtained above by the
duration of the saccade.

Eye blinks are relatively casier to detect. The vertical channels are
monitored for quick, positive successive slopes. 1f five successive samples
show this trend, a tentative blink flag 1s set. The termination of a blink is
detected by checking for Eive successive samples with quick, neqative slopes.
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Epoch # sac./sec. ave.dur. 1€ ave. rt ave. # blinks deg/second
1 .667 43.555 46.441 41.193 1.000 192.387
2 .333 40.625 43.945 38.411 1.000 185.505
3 .500 46.875 49.665 44.434 1.000 194.056
4 .800 45.410 47.585 43.570 1.000 175.613
5 .533 $9.082 56.152 62.012 2.000 165.545
gpoch ¢ sac./min ave.dur. 1f ave. rt ave. blinks/min ave/deg/sec
0 34.000 47.243 49.079 45.686 2.400 182.083
Epoch # ave. SLIT / epoch ave. left SLIT ave. right SLIT
1 8.260 7.742 8.892
2 7.566 6€.765 8.767
3 8.992 8.109 10.001
4 7.996 7.282 8.840
S 2.233 8.992 9.474
Overall ave. SLIT ave. left SLIT ave. right SLIT
8.416 7.766 9.183
lows middles highs
series 6 5 4
missed 0 0 0
correct 5 4 0
incorrect 1 1 0
Filename: dbb3 .dat
gpoch # sac./sec. ave .dur. 1f ave. ct ave. # bdblinks deg/second
1 667 41.602 42.969 40.483 1.000 160.216
2 .367 49,006 54.688 45.75%9 1.000 137.684
3 L2671 43.94% 35.156 58.994 1.000 166.677
4 .433 47.067 39.714 44.085 2.000 173.163
S .500 45.573 42.480 49.107 3.000 173.994
Epoch # sac./min ave . dur . 1 ave. rt ave. blinks/min ave/deg/sec
0 26 .800 44.076 42.480 45.536 3.200 162.883
Epoch ¢ ave. SLIT / epoch ave. left SLIT ave. right SLIT
L 6.602 6.421 6.823
2 6.534 5.481 8.377
3 7.303 3.550 5.954
4 7.263 7.599 6.872
5 7.491 6.905 8.003
overall ave. 5SLIT ave. left SLIT ave. right SL1T
7.002 6.833 7.186
Lows middles highs
scries 6 5 4
missea 0 0 0
correct 6 4 0
incorrect 1 2 0
Figure 8. Sample print out from module SCORE
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# SUMMARY/APPLICATIONS

The idea which prompted the present research was that blological events

! may be predictive of the attentional and task demands of work. 1f these could
be analyzed in real time and fed back to the machine (or operator), a truly
blocybernetic system could be created. For example, we know there may be
little or no deterioration in operational performance until the point of
failure is closely approached, but perhaps sensitive bioclogical measures of
workload could provide premonitory signs of impending failure. There are two
technical developments which must be accomplished to produce a workable
system. One is traditionally a human factors effort, and in the case of
bioelectric events, neurophysiological and biomedical as well. The other
entails engineering development, including software and hardware. 1In this
work we have set out to accomplish both.

This project, which was conceived to be carried out in three phases,
entails the investigation of a physiclogical output of the human organism to
be employed as feedback information to systems in order reduce task loading to
acceptable levels; specifically, an eye movement index of mental workload was
studied. Phases 1 & 11, funded by AFOSR, have been completed and a prototype
is available. Future plans call for a Phase II1 which will combine Essex
development funding with federal and private sector support in order ¢ make a
fully up and running system avallable tc the technological community.

:.A

4 In Phase 1. two tnvestiqgations were performed to assess the feasibility of
using specific characteristics of eye movement saccades as unobtrusive
indicants of mental workload. Eye movements were measured while subjects were
differentially task loaded by simple, moderate, and complex auditory tone
counting. The results indicated that the extent of saccadic eye movements
varied inversely in subjects as tone counting complexity increaned.

! The second Phase 1 experiment used the same equipment and explored further

the relationship of eye movement measutes (saccade length) to workload. At

this point we also incorporated findings from the literature on eye movement

extent where preliminary experimental evidence showed extent of eye movements

might be reduced under conditions which induced high levels of arousal. For

example, others reported a restriction of pursuit eye movement range during a

concurrent auditory task and, more pointedly, found that restriction in

| saccade length occurred in cats under conditions of high arousal induced by
amphetamines. To orqanize our activities we employed a 2x2 clausilfication

r schema which we believe will improve descriptive precision and permit improved
communication of ideas. The classification follows from statistical theory,
and we believe that it should have heuristic use as well,

Therefore, to test the relationship between saccade lenqth and arousal,
subjects in the second Phase 1 experiment performed an auditory tone counting
task at three levels of 4ifficulty while saccadic eye movements were
recorded. Performance varied inversely with difficulty level of the tone
counting task suggesting that the different task conditions induced different
levels of mental workload. This relationship was substantiated by a
significant lincar trend (P(1,4) * 9.10, p = .04). Average extent of saccadic
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eye movements was also related to task difficulty so that saccade length was
restricted with increased task difficulty level (F(1,4) = 16.65, p = .02). To
further substantiate the relation of saccade length to workload, correlation
coefficients between saccade length and performance were computed for each
subject. The correlations ranged from r = .37 tor = .99 with amean of r =
-64. Thus, the results from this research suggested that saccade length could
be a promising objective measure of the task demands of a display and thereby
serve as a useful measure of mental workload.

The purpose of Phase II was to develop further the Saccade Length Index of
Taskload (Workload) or SLIT and cross-validate the results of Phase I. The
ultimate outcome of Phase II would be prototype deveiopment of a transportable
system to assess mental workload via the SLIT metric and other bioelectric
measures as appropriate. A chief ingredient in initial development of such a
system would be a [ocus on rapid (i.e., seconds) evaluation of the bioelectric
events so that, when properly identified and classified, such signals could be
fed back to signal generators. ,

This work was divided into three main thrusts: Meta-analysis,
Experimentation, and Software Development. The meta-analysis section has two
components -- a literature review as well as a quantitative meta-analysis.

The sections on experimentation describe a serles of studies which address
various aspects of implementing and measuring SLIT. The software development
section outlines the procedure and implementation of the apparatus and scoring
used.

In summary, experimentation involved a serles of interlocking experiments
and proof of concept demonstrations. In the studies performzd in this serles,
reiijable data were obtained with as few as three subjects, provided there were
sufficient calibrations and stable baselines of performance measures. We
tound that saccade lenyth index of taskload was related to the workload under
which the operator performs 2nd not wi'  performance per se. That is, the
predictive validity of SLIT is chiefly as an i{ndex of the objective
information load to the operator, even when visual tasks atre employed. This
findinqg surfaced when the effects of practice were examined. Practice did not
have as much effect on SLIT as did the objective index of task loading.
Therefore, while performance improved when tasks of different difficulty were
practiced for many sessions, it appeared that the chief determinant of saccade
length was the number of channels which were monitored. The SLIT effect,
which was oriqinally demonstrated in the dark with an auditory task, was
obtained in a lighted room while monitoring a visual signal, thus broadening
potentially the applicability of the phenomenon. Also, in a simulated field
test, SLIT was demonstrated to be robust even when a visual forcing function
(optokinetic nystagmus) was present. In the feasibility demonstrations,
vertical and horizontal eye movements became resolved and left- and right eye
recordings were also separated. The former was a necessary conditlion for
isolating blinks, and the latter waz & (irst step in removing artifacts from
the eye movement records which might be due to other oculomotor activities
(e.q., vergence, convergence, and accommodation).

A preliminary meta analysis was conducted to synthesize the literature on

workload measures and was presented in a sertes of tables. 1In general, the
number of performance based measures appeared to be on the upsurqge over the
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past decade and physiological measures not involving eye movements appeared to
be on the downswing. The number of subjective measures of workload studies
were stabls. Investigations of ocular-based measures, particularly
cortical-evoked potentials, were on the increase. The chief finding from a
fully quantititative meta-analysis of the ocular-based measures found a
sufficlent predicate for continuing the directions of the Saccade Length Index
of Taskload (Workload) (SLIT) research since predictive validities of eye
movement research in general appeared to be robust (particularly eyeblink),
and several types of studies which examined eye movement extent (like SLIT)
were considered to hold promise.

Software development occurred when the work, originally conducted in the
more controlled environment of a university laboratory using stationary
equipment (e.g., infrared, head-fixed, oculometer) and hand scoring, was
transferred to the the contractor's Ocrlando field offices. Thére the software
and hardware development continued and a serles of proof of concept and
feasibility demonstrations were undertaken. A low-cost microprocessor was
selected for the SLIT system and software was developed and customized to
produce a quasi-portable system. The customized proqgram has the ability to
reject blinks and it is possible to integrate eye movement records and deliver
analyses, automatically scored, within 2.5 minutes. The software progqram
possesses many scoring and integration features (viz., left vs. right eyes,
vertical vs. horizontal, vergonce/crnwvergence Jifferences can be separated,
velocity, # eye movements), which will easily be accommodated by larger
capacity, more permanently emplaced, laboratory systems.

A nonintrusive reliable measure of individual differences such as
attention during monitoring and control tasks has obvious biocybernetic
relevance, particularly in dynamic environments. Such a technique could also
be employed to measure pllot performance and, through feedback, permit
improved weapon systems operations. The possible commercial applications of
SLYT {or the private sector are considerable. SLIT may be used as an
independent assessment of an indtvidual's attention which may wane with time
on task or due to other factors. Such a relationship might be of interest
during quality control on assembly lincs, or in remote emplacements where
security displays are monitored. Since SLIT slize appears to be proportional
to workload, displays and workstations could be evaluated objectively and
compared for difficulty level. In addition, preliminary evidence suqqgests
that individual differences in saccade length may be sufficlently reliable so
that they could be studied for stability over time and then examined for
relations to equipment and operator aptitude tradecoffs in systems designs.
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